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ABSTRACT: The erosion of rock-bedded channels generally is considered a slow process causedmainly by abrasion due to bedload
or suspended sediments, but the mechanisms of rapid erosion remain unclear. Cavitation is a clear-fluid erosive process, well known
for its effect on engineering structures, when water vapour bubbles collapse and the resultant pressure shocks erode the boundary.
However, although the occurrence of cavitation erosion in natural watercourses has long been a matter of debate, as yet there are
no incontrovertible examples of cavitation damage to natural river beds. Using flume experiments, we show for the first time that only
weakly-cavitating clear-water flows can occur for the range of flow velocities observed in rivers, and these do not erode medium-
hardness rocks after 68 hours. During this time period, only a very soft rock featured erosional marks due to dissolution. Thus, our re-
sults cast significant doubt on the likelihood of identifying cavitation damage in most rivers, and provide pointers to those river systems
that might be investigated further to identify cavitation erosion. Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction

The mechanical erosion of rock-bedded channels is generally
slow (Karlstrom et al., 2008), primarily owing to abrasion by
the sediment load and fluid stressing by turbulent flow
(Richardson and Carling, 2005). Bedload and suspended sedi-
ment may directly impact the rock surfaces causing abrasion
(Whipple et al., 2000; Sklar and Dietrich, 2004) or fluid
stressing may entrain flakes and blocks from rock surfaces al-
ready weakened by other processes (Chatanantavet and Parker,
2009), but the mechanisms of rapid erosion remain unclear
(Johnson and Whipple, 2010; Lamb and Fonstad, 2010; Lamb
et al., 2015). Flows in such channels are usually high velocity,
with field studies of steep bedrock channels recording supercrit-
ical flows locally (Froude numbers >1: e.g. Tinkler and Parish,
1998; Turowski and Rickenmann, 2009) and experimental stud-
ies have included consideration of flows with Froude numbers
up to 3.5 (Wohl and Ikeda, 1997; Johnson and Whipple,
2007; Finnegan et al., 2007, Johnson and Whipple, 2010). As
is demonstrated later, in principle supercritical flows are condu-
cive to the development of cavitation, but to date there have
been no experimental considerations of the role of cavitation
in eroding bedrock channels whilst laboratory studies of cavita-
tion erosion of rock remain few (El-Saie et al., 1980; Auel and
Boes, 2012; Momber, 2003, 2004a, 2004b, 2004c, 2016).

Thus, the role of cavitation generally is regarded as uncertain
(Whipple et al., 2000) and it is neglected in bedrock incision
models (e.g. Johnson and Whipple, 2007; Finnegan, 2013).

Cavitation is the appearance of water vapour bubbles within a
high-velocity fluid-flowwhen the pressure in the fluid falls below
the vapour pressure of the liquid. These bubbles collapse and dis-
appear when they are carried by the flow into regions of higher
pressure. Although direct evidence is lacking, cavitation often
has been cited as causing rapid erosion on natural bedrock sur-
faces under high-velocity flows, when the bubbles collapse and
the resultant pressure shocks erode the boundary. However,
whether cavitation occurs in natural water courses has been a
matter of debate for more than 80years (Hjulström, 1935;
Embleton and King, 1968; Allen, 1971; Baker, 1973, 1974; Allen,
1982, Vol. 1, p. 74; Baker and Costa, 1987; Sato et al., 1987;
Wohl, 1992; O0Connor, 1993; Shaw, 1996; Baker and Kale,
1998; Hancock et al., 1998; Tinkler and Wohl, 1998; Gupta
et al., 1999;Whipple et al., 2000) and there are no irrefutable ex-
amples of cavitation damage to natural river-beds (Allen, 1982,
Vol. 1, p. 74; Richardson and Carling, 2005; Whipple et al.,
2000). In contrast, cavitation is a well-known erosive high-
velocity clear-fluid process on engineering structures (Arndt,
1981; Graham, 1987; Falvey, 1990). In order to address this

EARTH SURFACE PROCESSES AND LANDFORMS
Earth Surf. Process. Landforms 42, 1308–1316 (2017)
Copyright © 2016 John Wiley & Sons, Ltd.
Published online 31 January 2017 in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/esp.4101

http://orcid.org/0000-0002-8976-6429


debate, experiments with a cavitating flow are used herein to rep-
licate a range of natural river flow velocities to determine, for the
first time, the nature of any cavitation damage caused by clear
water to rock surfaces under representative flood durations. If dis-
tinctive erosional features can be identified in experimental cav-
itating flows, then these could be compared profitably with
natural river erosional features to determine if cavitation does
erode natural channel boundaries.
In respect of engineering structures, the erodibility of con-

crete by cavitating or non-cavitating water depends on the
binding agents used (May, 1987; Jacobs and Hagmann, 2015)
but, as a general guide, ‘conventional concrete’ (which is the
usual facing for dam spillways and bypass tunnels; Dolen
et al., 2005), does not erode if the impinging bulk flow velocity
Ub< 5m s�1, but incipient erosion of dam spillways may occur
for 5m s�1<Ub< 16m s�1 (Arndt, 1981; Falvey, 1990). Above
16m s�1 erosion is progressive because mass loss increases as
U b

6 (Falvey, 1990). Importantly, cavitating flows on spillways
may also erode by fluid stressing, abrasion and dissolution
(Graham, 1987), these being factors that are difficult to distin-
guished from any cavitation damage in field studies of spillway
erosion in cavitating flow (Kells and Smith, 1991). Thus, the en-
gineering literature considering spillways often records the
gross effects of cavitating-flow on erosion rather than the contri-
bution of cavitation per se. In a rare laboratory-study of erosion
by cavitation alone, significant erosion of a range of rock-types
(Momber, 2004a) only occurred for flow velocities >60m s�1.
The US Army Corp of Engineers (1990) do not recommend in-
spection for erosion of concrete in cavitating flows when
Ub< c. 10m s�1 and anticipate significant erosion of spillways
only when Ub> 30–35m s�1 is sustained for long periods of
time (Novak et al., 2007). As many substrata, especially sedi-
mentary rocks, are softer than concrete, it is logical to expect
cavitation erosion of softer rocks in high velocity flows; for ex-
ample, at the base of spillways where large rock masses can be
removed by high discharges (Ribeiro et al., 1976; Cameron
et al., 1986; Falvey, 1990; Anton et al., 2015).
Barnes (1956) concluded that stream flow must exceed 7.6m

s�1 for cavitation to be possible, whilst Baker and Costa (1987)
argued that flows need to exceed 10m s�1. However, velocities
in alluvial rivers rarely exceed 3m s�1 (e.g. Jia et al., 2016),
with flow in steep bedrock gorges occasionally reaching 8 to
10m s�1 (Barnes, 1956; Pielou, 1998; Whipple et al., 2000)
and, exceptionally, 16m s�1 for local threads in highly-
turbulent currents (Tinkler et al., 2005). Baker and Costa
(1987) argued that natural channels, potentially subject to cav-
itation, adjust to preclude cavitation so that velocities do not
exceed 10m s�1. In this respect, Allen (1982, Vol. 1, p. 74)
concluded that cavitation is absent in rivers except possibly lo-
cally under extreme flood conditions. In contrast to river flow,
natural dam failures can result in short-duration, high-speed
flows (Carling et al., 2010). For instance, hydraulic models of
Holocene jökulhlaups (Alho et al., 2005; Carrivick, 2007;
Carrivick et al., 2013) produced flows in the range 15 to 19m
s�1, whilst models for Pleistocene megafloods indicate maxi-
mum velocities of 40 to 60m s�1 (Carling et al., 2010; Alho
et al., 2010). Yet these natural flows also carry large sediment
loads (e.g. < 20% by volume: Carrivick, 2010) that may abrade
and efface cavitation damage (Allen, 1982, Vol 1, p. 72), or pre-
vent cavitation erosion due the static cover effect of deposited
sediment (Carrivick et al., 2010; Guan et al., 2015) or the
dynamic cover effect of high concentrations of moving bedload
(Turowski et al., 2007). Thus, it can be hypothesized that cavita-
tion may occur in extreme-velocity natural flows, but it is uncer-
tain if cavitation erosion can be identified in the vast majority of
natural river settings. Consequently, the experiments reported
herein are for the range of high velocities (5–11m s�1) reported

for modern rivers, in order to assess the likelihood and identifi-
cation of cavitation erosion in most natural channels.

Five factors primarily contribute to the degree of cavitation
erosion: the cavitation number (defined in the Methods sec-
tion), flow velocity, material strength, time and air content.
Although suspended sediment particles can provide nucleation
surfaces for cavitation bubbles to form at low suspended sedi-
ment concentrations (< 3%), suspended sediment at higher
concentrations usually is considered to supress cavitation
(Gyr and Bewersdorff, 1995), there being only limited evidence
to the contrary (Toshima et al., 1991; Li, 2006). Sub-
microscopic air bubbles, trapped on local surfaces, can consti-
tute nucleation points that aid the inception of cavitation
(O’Hern, 1990) and, as the intensity of cavitation increases,
bubbles visible to the naked eye often appear close to or on
the boundary (Plesset, 1949). Fissures and vugs are the loci
for the preferred initiation of cavitation (Mazurkiewicz and
Summers, 1982), with erosion propagating from these locations
by pitting and mechanical failure of the rock masses (Erdmann-
Jesnitzer et al., 1978). However, in situations where cavitation
erosion is already occurring, loss of eroded rock mass de-
creases as entrained air content increases (Arndt et al., 1993).

Methods

Planar surfaces of sawn-rock were exposed to clear-water flows
on the bed of a Kempf and Remmer Type 23™ cavitation tunnel
(Figure 1) located at the Ven Te Chow Hydrosystems Laboratory
of the University of Illinois at Urbana, Champaign, with the rock
types and hardness values being shown in Table I. The base of
the upper duct was modified to include a steel recessed pan
(1.1m long, 0.20m wide and 0.07m deep). Rock test blocks
were cut to shape and fixed in the pan such that the upper,
plane, rock surface was flush with the steel flume bed. Air con-
tent was controlled using a closed water-filled conduit without a
free surface so that there was no air entrainment, such that any
cavitation damage should be maximized. The dissolved oxygen
content was 2mg l�1 at the beginning of runs and 3mg l�1 at the
end of runs; consequently, air entrainment was negligible (0.002
moles of air per mole of water). The effects of water chemistry
and suspended solids content were kept constant by using the
city sediment-free water supply. The pH of the water was seven
and conductivity was zero. Water temperature was initially 10°
C that, after long flume runs, rose to 21°C. The maximum dis-
charge was 1m3 s�1 and as defined later, the flows were
weakly-cavitating for velocities between 5m s�1 and 11m s�1.

The initial material tested was cast gypsum cement. The rea-
soning for this choice was that because prolonged exposure to
10m s�1 velocity may erode concrete (US Army Corp of
Engineers, 1990), there was a reasonable expectation that the
gypsum would erode at lower velocities than concrete. The sur-
face of the gypsum possessed a few 1mm-sized vugs due to air
bubbles included during casting. Similarly, the saw-cut surface
of the travertine locally had a few natural vugs some 2mm
deep and 5mm wide. In addition, a natural fissure of similar
depth and width ran transversely across the travertine surface
approximately two-thirds of the way along the section. These
surface roughness defects should induce cavitation
(Mazurkiewicz and Summers, 1982) but the other test blocks
(slate and very-fine grained sandstone) had smooth sawn sur-
faces. To introduce further surface roughness to promote cavita-
tion, all the test surfaces were also ornamented with a single
protruding steel bolt-head (5mm high; 10mm diameter) cen-
trally placed one-third of the distance along the test section,
and a transverse rectangular groove (10mm wide and 10mm
deep) cut two-thirds of the way along the section. These
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artificial defects were included to induce cavitation due to en-
hanced flow shear by the local fluid velocity (Ul) around bed
defects. Barnes (1956) reported acceleration factors (Ul/Ub) of
1.5 to 2.4 for similar size protuberances. The section-averaged
flow velocities (Ub) for each test were determined using non-
intrusive laser Doppler velocimetry.
The inception of cavitation is understood readily in terms of

Bernoulli’s principle that the reference fluid pressure (p) is
constant along a steady flowline. The reference pressure is
equal to the sum of the static pressure (ps) and the dynamic
pressure (ρ U2

b=2
� �

. Assuming negligible viscous friction and a
constant fluid density (ρ), a large increase in the fluid velocity
(U1< < U2) can lead to the pressure falling below the vapour
pressure such that cavitation occurs:

p ¼ ps þ
ρ U2

1 �U2
2

� �

2
(1)

To prevent cavitation erosion on the rock surface, k> ke,
where ke is a threshold value of the cavitation number k below
which there is the possibility of cavitation erosion:

k ¼ 2 p � pvð Þ
ρU2

b

(2)

where pv is the water vapour pressure at 10–20°C.

The value of ke ~ 1 discriminates local from widespread cav-
itation inception and above ke ~ 3 cavitation is extremely un-
likely (Novak et al., 2007). The gypsum was subject to
weakly-cavitating flows (k< 3) with a velocity range of 5 to
10.86m s�1. The Froude number, Fr =Ub/√(gd) < 6.38, whilst
the flow Reynolds number, Re =Ubd/ν, was <2.86 ×107 for
24 hours for the gypsum and 67.94 hours for the travertine,
sandstone and slate (g is acceleration due to gravity, d is flow
depth and v is the kinematic viscosity). In the latter three tests,
a total run duration of 50.73 hours at 9m s�1 was followed by
16.73 hours at 7m s�1 with three increments to 10.86m s�1

for 0.16 hours on each occasion. This seemingly complex se-
ries of flow reductions and increments, totalling some 68hours,
was necessary, as running the flume at full speed for extended
periods risked burning out the pump.

The test surfaces were photographed before and after each
test. In addition, all the rock surfaces were scanned before
and after the test runs using a NextEngine™ model 2020i desk-
top three-dimensional (3D) scanner, mounted at a fixed
distance above the test surface, with a resolution of
0.127mm in all dimensions. Images were georeferenced by
identification of several pixel matches in each run and subse-
quently a JPG quality 100 image of the original scan was com-
pared with a scan taken after the run using the difference
function within Adobe Photoshop CC™. This method looks at
the RGB colour information in each channel and subtracts ei-
ther the blend colour from the base colour or the base colour
from the blend colour, depending on which has the greater
brightness value.

Results

In all test runs, a small number of cavitation bubbles became
visible close to, or on, the test surfaces as the flow velocity
was increased such that a cavitating flow state was achieved.
Further increases in flow velocity resulted in bubbles coalesc-
ing and growing larger until numerous bubbles were shed from

Table I. Material characteristics of test rock types

Material
Mohs

hardness (�)
Schmidt

hardness (N mm�2)
Bulk density

(kg m�3)

Gypsum cement 2 6.2 1.585
Travertine 3 11.3 2.425
Slate 4 32 3.00
Fine-grained
sandstone 5 37.6 2.36

Figure 1. (A) The cavitation flume at the Ven Te Chow Hydrosystems Laboratory of the University of Illinois at Urbana, Champaign, consisting of a
vertical annulus 2.8m high measured from the centres of the lower and upper ducts. The lateral spacing of the vertical ducts is 4.89m. (B) The rect-
angular test section, 1.1m long by 0.20m high and 0.30m wide, with Plexiglass windows on both sides and on the top. (C) Schematic diagram of the
sample pan that is recessed into the test section so that the surface of the test rock block is flush with the bed of the test section. [Colour figure can be
viewed at wileyonlinelibrary.com]
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the boundary. This shedding process was most common along
the interface between the flume base and the upstream edge
of a test rock slab, but also from the upstream lip of the
transverse groove. The progressive development and shedding
of bubbles from the boundary, as described earlier, is well-
known for cavitating flows (Plesset, 1949). Tests with the gyp-
sum bed were initiated in non-cavitating flows (k> 3) at 1.1m
s�1 and the flow rate was increased at c. 1m s�1 increments
over one hour and yielded similar results. When the non-
cavitating flow rate reached 4.25m s�1, 0.20m-wide, very
shallow, furrows developed one-third of the way along the
test block surface in association with incipient flutes (sensu
Richardson and Carling, 2005) that developed spontaneously
across the bed in the distal third of the section. As cavitation
did not occur in these flows, the development of the furrows
and flutes was associated with dissolution (as has been
observed in other non-cavitating flows; Allen, 1982, Vol. 2,
p. 244). In locally-cavitating 6.7m s�1 flow, the flutes
extended upstream and began to coalesce (Figure 2). As flutes
had appeared on the bed surface in non-cavitating flows, the
evolution of the flutes in the weakly-cavitating flow appeared
to be a continuation of the dissolution process that began in
non-cavitating flow, rather than due to cavitation per se.
Maintaining the flow at 8.95m s�1 resulted in a uniform
distribution of conjugate planform V-shaped flutes across the
complete test surface (Figure 3).
With respect to the transverse groove in the gypsum test bed,

the wall and lip of the backward-facing step, from which
cavitation bubbles were seen to be shed, were more heavily

ornamented by flutes than the forward-facing step (Figure 4).
Longer test runs resulted in deeper flutes and mutual interfer-
ence of the flutes results in shortened flutes (Figure 3). Neverthe-
less, despite increasing coalescence, the angle of flutes (β)
measured from their upstream apices was constant through
time (n=44; β = 51°; standard error of β = 2.14°; βmax= 80°;
βmin = 19°). Tests on the travertine, sandstone and slate in
cavitating flows (k< 3) did not result in any visible surface

Figure 2. (A) Initial planar surface of the gypsum bed before subject to
water flow. (B) Gypsum surface after 1.66 hours of weakly-cavitating
flow at 6.7m s�1. Note that the V-forms are open in the downflow di-
rection with their apices pointing upstream. The circular pits are vugs
(produced during the original casting) revealed once the plane gypsum
surface (in A) was eroded away.

Figure 3. Sequential evolution of flutes on gypsum surface. Flow left
to right. (A) After one hour in non-cavitating flow at 4.25m s�1 flutes
are not conjugate; (B) after 1.66 hours in weakly-cavitating flow at
6.7m s�1 flutes begin to conjugate and shorten; (C) after several hours
of weakly-cavitating flow at 8.95m s�1 flutes are conjugate and short.
Arrows point to the same features at each time increment for reference.
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erosion after 50 hours, with velocities of 9m s�1, nor for tests
after 67.94 hours with velocities of 7 to 10.86m s�1.
Difference images of the slate test surface, comparing before

and after cavitating flow, showed no change had occurred (not
illustrated), whereas the sandstone showed minimal differences

with a few scattered, but individually isolated, pixels showing
change (Figure 5). Because the sandstone was fine-grained on
the Wentworth (1922) scale with a D50 of c. 0.125mm, at the
image resolution each pixel may represent a single grain. Thus,
changed pixels might represent resolution error or minor grain
loss owing to fluid stressing during tests. Consequently, there
was effectively no erosion on the harder substrates due to cav-
itation. As a caveat, this conclusion applies for the scan image
resolution and the duration of the test runs. It is conceivable
that this erosion of the sandstone could amplify over much lon-
ger duration runs. Nevertheless, it is evident that cavitation ero-
sion in these experiments did not occur for velocities in excess
of those commonly noted in natural rivers, as defined in the In-
troduction. Furthermore, cavitation erosion did not occur over
the 68hours of each test run, which period of time can be
equivalent to the duration of typical flood events. The duration
of flood events, in relation to cavitation developing, is an issue
that is addressed within the Discussion.

Discussion

V-shaped flutes of similar form and scale as seen on the gypsum
surface have been reported from bedrock surfaces in natural
streams that were not subject to cavitation (Richardson and
Carling, 2005). It is not known if flutes are unique to any spe-
cific flow regime, such as upper or lower regime, cavitating
or non-cavitating. Rather, similar bedforms occur for a wide
range of flow velocities and flow regimes in both natural chan-
nels and in the laboratory, including laboratory cavitating-flow
velocities that do not occur in nature (Figure 6). The cavitating
flow experiments of Momber (2004a, 2004b, 2004c), con-
ducted on granite, included glass beads impacting the granite
surface at low density concentrations but at high velocities,
but Momber (2004a, 2004b, 2004c) did not differentiate the
abrasion effects of the impacting grains from the cavitating flow
on the surface ornamentation. The flutes detailed by Momber
(2004a, 2004b, 2004c) are small-scale, non-conjugate, and
have narrow V-angles in contrast to the flutes formed in the
present series of experiments on a gypsum surface. It is not
known if this difference in scale and shape between the gyp-
sum and granite flutes reflects the flow conditions, the duration
of the tests, or the lithology of the substrates. However, there is
a general agreement that the size of flutes reduces in inverse
proportion to flow velocity and the density of ornament in-
creases with time (Allen, 1971, 1982, Vol. 2, p. 242;

Figure 4. (A) Initial planar surface of the gypsum bed with the
uneroded transverse groove showing slightly irregular edges from the
original casting. (B) After several hours of weakly-cavitating flow at
8.95m s�1, conjugate flutes ornament the sides and base of the trans-
verse groove in the gypsum bed as well as the previously planar sur-
face. Note that fluting is more pronounced on the downstream lip of
the groove than on the upstream lip, which remains relatively sharp.

Figure 5. Differenced photograph of sandstone test surface after 67.45 hours exposure to velocities of 7 to 10.86m s�1. Upstream surface to the left
and the downstream surface to the right. The two scanned surfaces are over-lapped by 27% in the central (white) area with points of difference in the
overlap area shown as black dots.
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Richardson and Carling, 2005). Thus, the small, narrow-V flutes
of Momber (2004a, 2004b, 2004c) may be indicative of high-
velocity flows rather than cavitating flows. Further laboratory
work on flute development would be required to ascertain if
any distinction can be made between ornament formed by cav-
itation erosion per se and by other erosive processes.
Although the studs and grooves emplaced in the present test

blocks did not induce erosion in the harder rocks, it is possible
that other obstacles or natural rough surfaces offering a greater
amplitude or angle of attack might induce more intense local
cavitation and hence erosion. However, given acceleration ra-
tios around obstacles of c. 1.5 to 2.4 are reported (Barnes,
1956), it is evident that the surface irregularities in the present
experiments were subject for 68 hours to local speeds possibly
twice the bulk flow velocities (i.e. 14m s�1 ≤ Ul ≤ 22m s�1). In
this context, the spontaneous appearance of flutes across the
gypsum bed (5m s�1 ≤ Ub ≤ 11m s�1) is interpreted as due to
fluid stressing and dissolution rather than necessarily due to
cavitation. This interpretation is supported by the fact that cav-
itation erosion does not develop spontaneously over large areas
but rather tends to develop at surface defects (Mazurkiewicz
and Summers, 1982) and then spreads progressively (Graham,
1987). Thus, given that gypsum flutes formed readily over large
areas and there was no detectible erosion on the harder rocks,
this outcome suggests that fluid stressing and dissolution were
more important in causing soluble-rock erosion in this range
of natural high-velocity, short-duration flows than cavitation.
This contention is supported by the results of Mazurkiewicz
and Summers (1982) and Erdmann-Jesnitzer et al. (1978) who
only observed clear-water cavitation erosion of dolomite and
granite for unnatural flow pressures of 5MPa and 50MPa, re-
spectively. These high pressures contrast to atmospheric pres-
sure at sea level of 0.1MPa, which is the order of pressure to
which natural rivers are subject.
The efficacy of abrasion, in contrast to cavitation, in natural

flows is supported by El-Saie et al., (1980) and Auel and Boes
(2012) who concluded that, for natural river flow velocities,
abrasion by sediment was more effective than cavitation in
eroding basalt and granite. However, Momber (2003) recorded

clear-water cavitation-induced pitting of granite, limestone,
marble, rhyolite and schist for a bulk flow speed of 66m s�1 af-
ter three minutes in an experimental apparatus. However, a ve-
locity of 66m s�1 far exceeds recorded natural flow rates in
rivers. Nevertheless, within any natural cavitating flows, fluid
stressing and dissolution will also cause erosion, the former be-
ing particularly effective on fissured or granular rock and the
latter on soluble rocks. It is not clear how these processes can
be separated experimentally, although simple approaches (Al-
len, 1971) can determine the likely occurrence of dissolution
and fluid stressing in a fluid.

The observations presented herein prompt the question:
what fluvial systems might demonstrate cavitation erosion?
Any steep bedrock-chute that has a high, sustained, clear-water
discharge, and is thus analogous to a dam spillway, might be a
suitable candidate. Such systems largely will be restricted to
mountainous regions, although lowland steep cascades are
also potential sites. The fact that cavitation damage was not ob-
served during a 68-hour period on the harder rocks has impli-
cations for the required duration of a flood, or series of
conjugate floods, for cavitation erosion to be significant.
Clearly, in natural flows, it cannot be precluded that weakly-
cavitating flows of longer duration than observed in these ex-
periments, or of repeated occurrence, may induce visible cavi-
tation damage. Thus, given that the range of velocities that
occur in natural rivers did not induce visible cavitation dam-
age, the frequency of cavitating events becomes important
and the following text considers this aspect.

Convective rain falls as local showers and many precipita-
tion events in the tropics and the centres of continental masses
tend to be convective and of short duration (Henry, 1974;
Lumbroso and Gaume, 2012). In the same manner, warm fronts
lead to extended periods of light rainfall, whereas cold fronts
result in short-duration intense rainfall. Much precipitation in
mid-latitude continental margins can be frontal and of short du-
ration. All these short-duration storms can result in flash-
flooding, generally of less than 24 hours duration (Gaume
et al., 2009). In contrast, the equatorial regions near the Inter-
tropical Convergence Zone are the wettest portions of the

Figure 6. Illustration after Momber (2004b, figure 16b), showing the effect of glass bead impacts on granite in cavitating flow at a fluid velocity of
80m s�1. [Colour figure can be viewed at wileyonlinelibrary.com]
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continents, such that flood volumes can be large and of ex-
tended duration as a result of the cumulative monsoonal rain-
fall over several months. Thus, it seems that cavitation erosion
is more likely to be recorded in low latitude, high altitude, steep
streams subject to extended monsoon-rain-induced discharge
regimens (Lumbroso and Gaume, 2012) in which sediment
loads are small, such that cavitation damage to the river bed
is less likely to be effaced by sediment scouring. Theoretical
calculations (Hancock et al., 1998) for the Indus River for mon-
soonal flows, augmented by snowmelt, demonstrated the im-
portance of the steep shallow headwaters, in contrast to
deeper low-gradient reaches, as potential sites for cavitation
erosion. Thus, the meltwater flow regimens of glacial or
snow-covered mountains are also additional candidates due
to prolonged high discharges during the spring thaw, but
therein sediment abrasion may confound cavitation erosion.
Finally, cavitation has been proposed frequently as an ero-

sion agent in Quaternary megafloods due to the very high ve-
locities predicted by flood models. As noted in the
Introduction, velocities of <60m s�1 have been simulated on
steep slopes (Carling et al., 2010; Alho et al., 2005, 2010;
Carrivick, 2007) such that, for atmospheric pressure at sea-level
and cold clear-water, locally-cavitating flow is possible
(Figure 7) as cavitation numbers could fall below 3.0. Ideally,
flows need to be supercritical (Fr> 1; Figure 7), but whereas
this flow regimen is difficult to sustain over time and distance
in normal stream flows (Grant, 1997) it may be possible for
sustained supercritical flows to occur in megafloods. Specifi-
cally, hydraulic modelling of jökulhlaup and lahar flows has
demonstrated that, in extreme events, supercritical flows might
be sustained for time periods (typically < two hours) over dis-
tances of several hundred metres (Carrivick, 2007; Carrivick
et al., 2009, 2013). In these examples, periods of subcritical
flow were repeatedly interspersed with periods of supercritical
flows, thus potentially allowing cavitation erosion to occur.
Nevertheless, the durations of the large Quaternary megafloods

were around 1 to 18 days during which very high sediment
loads might suppress cavitation (Gyr and Bewersdorff, 1995).
Not only will abrasion remove cavitation marks during non-
cavitating flows, but sediment abrasion during cavitating flows
is known to efface the evidence of any cavitation erosion (Al-
len, 1982, Vol. 1, p. 74; Li, 2006) and plucking would do like-
wise. Concentric fracture patterns and percussion marks on
rocks have been associated with possible cavitation (Shaw,
1996; Richardson and Carling, 2005). Similar features have
been observed on natural rock samples (Momber, 2004a) dur-
ing water-drop impact cavitation experiments, but only for
drop-impact velocities of 596 to 800m s�1. The velocity at
which erosion was observed was reduced when particles in
the water impinged on the rock surfaces, but the particle veloc-
ity range is still 60m s�1 to 200m s�1, depending on rock type
(Momber, 2004b). A schist of a hardness (Mohs ~3) intermedi-
ate to the present non-eroding test samples (Table I), displayed
significant cavitation-induced erosion in clear water only when
the velocity exceeded 600m s�1 (Momber, 2004c). Thus, al-
though erosion in cavitating flow has been observed on spill-
way concrete (an aggregate) for relatively low speeds (~16m
s�1; Falvey, 1990), and these velocities might occur in some ex-
ceptional natural floods, the rate of erosion was exceedingly
slow and fluid stressing and dissolution also would have oc-
curred (Graham, 1987). Consequently, extended clear-water
flood durations are required if extensive cavitation erosion is
to be identified in nature on fairly homogeneous rock types
such as slate and sandstone. By analogy with concrete
(Graham, 1987), it is possible that some natural aggregate rocks
may erode due to cavitation in a range of natural streamflows
due to preferential erosion of the softer interstitial cement be-
tween harder grains (Momber, 2004a, 2004b, 2004c, 2004d),
but this has yet to be demonstrated. For all rock-types, experi-
mental work is required to determine the cavitating clear-water
flow conditions during which individual particles are removed
due to: (1) dissolution; (2) intergranular failure; and (3)

Figure 7. Estimate of likelihood of cavitation occurring for given bulk velocity,Ub ¼ 2g
k

� �1
2 d½ �12 , similar to Barnes (1956), with d corrected for vapour

pressure and atmospheric pressure at sea level (curve k = 1.0). Uncertainty in the occurrence of cavitation is addressed by defining a local maximum
speed up to twice the mean bulk flow speed (curve k = 3.0). The light blue region defines the usual range of maximum flow velocities in rivers, whilst
the beige area defines the modelled range of palaeoflood flow velocities (Carrivick, 2007). The orange area defines the data range for Icelandic Ho-
locene floods (Carrivick, 2007) and the green area defines the range of most estimated Bonneville Quaternary megafloods (Carrivick, 2007). Num-
bered megaflood symbols represent well-constrained hydraulic model estimates: 1: Altai; 2: various Missoula sites; 3: various Iceland floods.
A = lowest flow velocity for significant cavitation erosion in: granite, limestone, marble, rhyolite, schist; B = highest palaeoflood velocity; C = signifi-
cant erosion of gypsum in cavitating flow; D = lowest recorded cavitating-flow erosion of concrete. Broken line is Froude =1.0, with subcritical flow
occurring when Fr< 1 and supercritical flow occurring when Fr> 1. Data sources: Alho et al., 2005, 2010; Momber, 2003; Carrivick, 2007.
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structural failure caused by fracturing of brittle elements within
the microstructure (Guiberteau et al., 1994; Bourne and Field,
1995) due to fluid stressing, as well as cavitation itself. The sub-
stantial differences in rock-types will mediate erosion mecha-
nisms and thus will dictate the erosion rates as well as the
typology of any erosional bedforms, including cavitation-
induced forms.

Conclusions

Weakly-cavitating flows, with a velocity range typical of natu-
ral rivers, did not induce cavitation erosion of medium resis-
tance bedrock (travertine, slate and sandstone) in an
experimental channel despite 68 hours of cavitating flows. A
soft gypsum rock was shown to be erodible in weakly-
cavitating flows, but this erosion was an extension of dissolu-
tion erosion already noted prior in non-cavitating flow. In addi-
tion, cavitation erosion may be effaced, or replaced, by
bedrock plucking due to clear-water fluid stressing, clear-water
dissolution or abrasion by a sediment load. It appears that the
range of velocities observed in natural river flows does not in-
duce cavitation erosion over the timescales of typical individ-
ual flood events due to the short duration of rainfall typical of
temperate latitudes. Monsoon flow regimens, or flow regimens
dominated by extended periods of high velocity discharge due
to ice or snow melt (with low sediment loads), are likely envi-
ronments in which cavitation erosion of bedrock might be
identified. In terms of geomorphological implications, cavita-
tion erosion of rock is unlikely to be a major contribution to in-
cision in bedrock fluvial systems and consequently its neglect
in incision models is justified.
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