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This report outlines the causes, control, maintenance, and repair
of erosion in hydraulic structures. Such erosion occurs from three
major causes: cavitation, abrasion, and chemical attack. Design
parameters, materials selection and quality, environmental
factors, and other issues affecting the performance of concrete are
discussed.

Evidence exists to suggest that, given the operating characteris-
tics and conditions to which a hydraulic structure will be subjected,
the concrete can be designed to mitigate future erosion. However,
when operational factors change or are not clearly known and
erosion of concrete surfaces occurs, repairs should follow. This
report addresses the subject of concrete erosion, inspection tech-
niques, and repair strategies, providing references to a more
detailed treatment of the subject.

ACI Committee Reports, Guides, and Commentaries are
intended for guidance in planning, designing, executing, and
inspecting construction. This document is intended for the use
of individuals who are competent to evaluate the significance
and limitations of its content and recommendations and who
will accept responsibility for the application of the material it
contains. The American Concrete Institute disclaims any and
all responsibility for the stated principles. The Institute shall
not be liable for any loss or damage arising therefrom.

Reference to this document shall not be made in contract
documents. If items found in this document are desired by
the Architect/Engineer to be a part of the contract documents,
they shall be restated in mandatory language for incorporation
by the Architect/Engineer.
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CHAPTER 1—INTRODUCTION AND SCOPE
1.1—Introduction

Erosion is the progressive disintegration of a solid by:
1) cavitation; 2) abrasion; or 3) chemical action. Although
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concrete deteriorates for a variety of reasons, this report is
concerned with specific factors that influence these three
areas of erosion: 1) cavitation-erosion resulting from the
collapse of vapor bubbles formed by pressure changes
within a high-velocity water flow; 2) abrasion-erosion of
concrete in hydraulic structures caused by water-transported
silt, sand, gravel, ice, debris, or hydraulic jacking; and 3)
chemical action-disintegration of the concrete in hydraulic
structures by chemical attack.

Concrete in properly designed, constructed, used, and
maintained hydraulic structures can provide 30 to 50 years
of erosion-free service (Liu and Wang 2000). However,
for reasons including inadequate design or construction, or
operational and environmental changes, erosion does occur
in hydraulic structures.

1.2—Scope

Concrete erosion in hydraulic structures caused by cavi-
tation, abrasion, and chemical attack are included in this
report. Options available to the designer and user to control
concrete erosion in hydraulic structures are discussed, along
with information on the inspection and evaluation of erosion
problems. This report includes repair techniques, as well as
a brief guide to methods and materials for repair. Other types
of concrete deterioration are outside the scope of this report.

CHAPTER 2—NOTATION

2.1—Notation
F = force
[ = length of air space between the jet and the spillway

floor, € (€ = length)

p = water pressure at a given point, /£

po = absolute pressure at a given Point 0, F/{?

p. = absolute pressure at a given Point ¢, F/£?

py = vapor pressure of water, F/{*

q. = volume rate of air entrainment per unit width of jet,
/T

qs = amount of air a turbulent jet will entrain along its

lower surface, £3/T
T = time

v = average jet velocity at midpoint of trajectory, £/T

vo = average velocity at Section 0, £/T

Yy = offsetinto the flow, £

zo = elevation at centerline of pipe, £

z. = elevation of the vapor bubble, £

= width of jet coefficient based on turbulent intensity

of the jet

Ap = change in pressure between two points, F/{?

vy = specific weight of water, F/£* (62.4 1b/ft> [9.81 kN/
m?], temperature-dependent

p = mass density of water, FT*/¢* (1.94 1b-s*/ft* [1000
kg/m?], temperature-dependent)

6 = cavitation index

o, = value of cavitation index at which cavitation

initiates
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CHAPTER 3—EROSION BY CAVITATION

3.1—Mechanism of cavitation

Cavitation is the formation of bubbles or cavities in a
liquid. In hydraulic structures, the liquid is water, and the
cavities are filled with water vapor and air. The cavities form
where the local pressure drops to a value that will cause
the water to vaporize at the prevailing fluid temperature.
Figure 3.1a shows examples of concrete surface irregulari-
ties that can trigger formation of these cavities. The pressure
drop caused by these irregularities is generally abrupt and
is caused by local high velocities and curved streamlines.
Cavities often begin to form near curves or offsets in a flow
boundary or at the centers of vortexes.

When the geometry of flow boundaries causes streamlines
to curve or converge, the pressure may drop in the direc-
tion toward the center of curvature or in the direction along
the converging streamlines. For example, Fig. 3.1b shows a
tunnel contraction in which a cloud of cavities could start to
form at Point (¢) and then collapse at Point (d). The velocity
near Point (¢) is much higher than the average velocity in
the tunnel upstream, and the streamlines near Point (c) are
curved. Thus, for proper values of flow rate and tunnel pres-
sure at Point (0), the local pressure near Point (c) drops to the
vapor pressure of water and cavities will occur. Cavitation
damage is produced when the vapor cavities collapse. The
collapses that occur near Point (d) produce high instanta-
neous pressures that impact on the boundary surfaces and
cause pitting, noise, and vibration. Pitting by cavitation is
readily distinguished from the worn appearance caused by
abrasion because cavitation pits cut around the harder coarse
aggregate particles and have irregular and rough edges.

3.2—Cavitation index

The cavitation index is a dimensionless measure used
to characterize the susceptibility of a system to cavitate.
Figure 3.2 illustrates the design principle of the cavitation
index in a tunnel contraction. In such a system, the critical
location (or point) for cavitation is at Point (c) (Fig. 3.1b).

The static fluid pressure, where the velocity is essentially
the same as the approach velocity, at Point (1) will be

P1=Pe + Y(ZL' - ZO) (323)

where p, is the absolute static pressure at Point (¢); y is the
specific weight of the fluid (weight per unit volume); z, is
the elevation at Point (¢); and z, is the elevation at Point (0).

The pressure drop in the fluid as it moves along a stream-
line from the reference Point (0) to Point (1) will be

Ap =Po— [pc + Y(ZL' - ZO)] (32b)

where p, is the static pressure at Point (0).

The cavitation index normalizes this pressure drop to
the dynamic pressure. Dynamic pressure is the difference
between the total pressure (pressure at the point of stagna-
tion) and the static pressure, 1/2pvy> (Eq. (3.2b)).
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Fig. 3.1a—Cavitation situations at surface irregularities
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1/2pv,’

where p is the density of the fluid (mass per unit volume),
and v, is the fluid velocity at Point (0).

Readers familiar with the field of fluid mechanics may
recognize the cavitation index as a special form of the Euler
number or pressure coefficient, a matter discussed in Rouse
(1978).

If cavitation is just beginning and there is a bubble of vapor
at Point (c), the pressure in the fluid adjacent to the bubble is
approximately the pressure within the bubble, which is the
vapor pressure p, of the fluid at the fluid’s temperature.

Therefore, the pressure drop along the flow from Point (0)
to (1) required to produce cavitation abhe crown is

ocuments
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Fig. 3.2—Cavitation erosion experience in spillways (Falvey 1990). (Note: 1 m/s = 3.28 ft/s.)

and the cavitation index at the condition of incipient cavita-
tion is

P, — P, +Y(z, —2)
o = .
¢ 1/2pv§ (3.2d)

It can be deduced from fluid mechanics considerations
(Knapp et al. 1970), and confirmed experimentally, that in a
given system, cavitation will begin at a specific 6., no matter
which combination of pressure and velocity yields that ..

If the system operates at a ¢ above o, the system does not
cavitate. If ¢ is below o,, the lower the value of ¢, the more
severe the cavitation action in a given system. Therefore, the
designer should ensure that the operating o is safely above o,
for the system’s critical location (refer to Chapter 6).

Actual values of o, for different systems differ mark-
edly, depending on the shape of flow passages, the shape of
objects fixed in the flow, and the location where reference
pressure and velocity are measured.

For a smooth surface with slight changes of slope in the
direction of flow, the value of o. can be below 0.2. For
systems that produce strong vortexes, o. could exceed 10.
Values of o, for various geometries are given in Chapter 6.
Falvey (1982) provides additional information on predicting
cavitation in spillways.

A system having a given geometry will have a certain
o.; despite differences in scale, o, is a useful concept in
model studies. Tullis (1981) describes modeling of cavita-
tion in closed circuit flow. Cavitation considerations (such
as surface tension) in scaling from model to prototype are
discussed in Knapp et al. (1970) and Arndt (1981).

(aci?
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3.3—Cavitation damage

Cavitation bubbles will grow and travel with the flowing
water to an area where the pressure field will cause bubbles
to collapse. Cavitation damage can begin at that point. When
a cavitation bubble collapses or implodes close to or against
a solid surface, a high pressure is generated, which acts
on an infinitesimal area of the surface for a short time. A
succession of these high-energy impacts will damage almost
any solid material. Tests on soft metal show initial cavita-
tion damage in the form of tiny craters. Advanced stages of
damage show a rough honeycomb texture with some holes
that penetrate the thickness of the metal. This type of pitting
often occurs in pump impellers and marine propellers.

The progression of cavitation erosion in concrete is not as
well documented as it is in metals. Work by Falvey (1990),
however, indicates that the rate at which damage progresses
from minor to major is dependent on the cavitation index.
The time to major cavitation damage can be approximated
by summing the rate of progression over time for all opera-
tions. The time of operation to major cavitation damage
depends on the cavitation index and can vary from hours
to years. It may be possible to adjust flows to avoid condi-
tions leading to rapid cavitation damage. For both concrete
and metals, however, the erosion progresses rapidly after
an initial period of cavitation exposure slightly roughens
the surface with tiny craters or pits. Figure 3.3b shows a
tendency for the erosion to follow the mortar matrix and
undermine the aggregate.

Roughness does not necessarily have to be caused by cavi-
tation. The presence of increased roughness by whatever

cause is enough to accelerate cavitation df)grCAtfR@NtS

Canyon Dam, Arizona, the cavi‘at.oi lamage initiated at
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Fig. 3.3a—Christmas tree configuration of cavitation
damage on a high-head tunnel surface, Glen Canyon Dam,
Arizona (U.S. Bureau of Reclamation 2015).

locations where there was a buildup of calcite or other flaws
in the concrete surface. When significant roughness exists,
it may shorten the time to major damage as if the operation
time to minor damage had already passed. Severe cavita-
tion damage will typically form a Christmas tree configura-
tion on spillway chute surfaces downstream from the point
of origin, as shown in the damage pattern of Glen Canyon
Dam left spillway tunnel in 1983 (Fig. 3.3a) (U.S. Bureau of
Reclamation 2015).

Once erosion has begun, its rate may be expected to
increase because protruding pieces of aggregate and other
damage caused by the initial cavitation become new gener-
ators of vapor cavities. In fact, a cavitation cloud often is
caused by the change in direction of the boundary at the
downstream rim of an eroded depression. Collapse of this
cloud farther downstream starts a new depression, as indi-
cated in Fig. 3.3a.

Microcracks in the interfacial transition zone (ITZ),
the region between the mortar and coarse aggregate, are
believed to contribute to cavitation damage. Compression
waves in the water that fills such interstices can produce
tensile stresses that cause microcracks to propagate. Subse-
quent compression waves can then loosen pieces of the
material. The simultaneous collapse of all cavities in a large
cloud, or the supposedly slower collapse of a large vortex, is
capable of exerting more than 100 atmospheres of pressure.
Loud noise and structural vibration attest to the violence of
collapsing cavitation bubbles. The elastic rebounds from
continuous collapsing over time could initiate and propagate
cracks, causing chunks of material to break loose.

American Concrete Institute — Copyrighted © Material — www.concrete.org
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Fig. 3.3b—Concrete test slab featuring cavitation producing
devices.

Fig. 3.3c—Cavitation erosion pattern after 47 hours of
testing at a 240 ft (73 m) velocity head.

Figure 3.3b shows the progress of erosion of concrete
downstream from two protruding bolts used to generate
cavitation in a test slab. The tests were made at a test facility
located at Detroit Dam in Oregon (Houghton et al. 1978).
Figure 3.3c shows cavitation damage on test panels after 47
hours of exposure to high-velocity flows in excess of 100 ft/s
(30 m/s). A large amount of cavitation erosion caused by a
small offset at the upstream edge of the test slab is evident.

Figure 3.3d shows severe cavitation damage that occurred
to the flip bucket and training walls of an outlet structure at
Lucky Peak Dam, Idaho. In this case, water velocities of 120
ft/s (37 m/s) passed through a gate structure into an open
outlet manifold (Jansen 1988). Figure 3.3e shows cavita-
tion damage to the side of a baffle block and the floor in
the stilling basin at Yellowtail Afterbay Dam, Montana (U.S.
Bureau of Reclamation 1981).

Once cavitation damage has substantially altered the
flow regime, other forces then begin to act on the surface,
causing fatigue due to vibrations of the element. High water
velocities striking the irregular surface can lead to mechan-
ical failure due to vibrating reinforcing steel. Significant
amounts of material could be removed by these added forces,

thereby accelerating failure of the st Mlmnlts

of cavitation damage follov ca by i ghgmgﬁgﬁpmﬁ% Hub
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Fig. 4.1a—Abrasion damage to concrete baffle blocks and
floor area in Yellowtail Diversion Dam sluiceway, Montana
(U.S. Bureau of Reclamation 1981).

Fig. 3.3e—Cavitation erosion of baffle block and floor in
stilling basin (U.S. Bureau of Reclamation 1981).

the moving water was evident in the 1983 spillway tunnel
failure at Glen Canyon Dam, Arizona (Burgi et al. 1984).

CHAPTER 4—EROSION BY ABRASION

4.1—General

Abrasion erosion damage results from the abrasive
effects of waterborne silt, sand, gravel, rocks, ice, and other
debris impinging on a concrete surface during operation
of a hydraulic structure. These particles move around in a
cascading motion, then impact the concrete surface, similar to
the ball-milling action seen in mechanical grinders. Abrasion
erosion is readily recognized by the smooth, worn-appearing
concrete surface, which is distinguished from the small holes
and pits formed by cavitation erosion, as can be compared
in Fig. 3.3e, 4.1a, and 4.1b. Spillway aprons, stilling basins,
sluiceways, drainage conduits or culverts, and tunnel linings
are particularly susceptible to abrasion erosion.

The rate of erosion is dependent on many factors, including
size, shape, quantity, and hardness of particles being trans-
ported; water velocity; and concrete quality. While high- 4.2—Stilling basin damage
quality concrete can resist high water velocities for many A typical stilling basin design includes a downstream sill
years with little or no damage, concrete cannot withstand the

. . Lo . . fr 20 ft (1 high i =
abrasive action of debris grinding or repeatedly impacting on om 3 10 20 ft (I to 6 m) high intended to Qﬁﬁ%@hts

. : . L nent pool to aid in energy dissipatich ¢ high=
its surface. In such cases, abrasion erosion ranging in depth P ARy 1A % Document Sharing Hub

Fig. 4.1b—Close-up of the abrasion damage to invert of the
Hoover Dam, Nevada Spillway (Falvey 1990).

from a few inches (millimeters) to several feet (meters)
could result, depending on flow conditions. An erosion and
sedimentation manual by the U.S. Bureau of Reclamation
(20006) is a good reference for evaluating bed movement and
sediment transport in hydraulic structures.

(GCi ) American Concrete Institute — Copyrighted © Material — www.concrete.org
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Fig. 4.2a—Typical debris resulting from abrasion erosion of
concrete.

Unfortunately, in many cases, these pools also trap rocks
and debris (Fig. 4.2a) (Hanna 2010). Material that becomes
trapped in the stilling basin is typically sand, gravel, cobbles,
or boulders. Figure 4.2b shows recirculating flow patterns
produced over the basin end sill create a turbulent flow
that continually moves the materials against the concrete
surfaces. This ball mill-type action causes severe damage
due to a repetitive grinding process. Flows during normal
operation of a hydraulic jump energy dissipation basin are
not capable of washing the particles out of the basin.

The stilling basins at Libby and Dworshak Dams—high-
head hydroelectric structures—were eroded to maximum
depths of approximately 6 and 10 ft (2 and 3 m), respectively
(Schrader and Tatro 1987). In the latter case, nearly 2000
yd?® (1530 m?) of concrete and bedrock were eroded from the
stilling basin (Fig. 4.2¢). This was also a problem at Grand
Coulee Dam, Washington, that resulted in a massive cleanup
of the river channel to remove loose material. Impact forces
associated with turbulent flows carrying large rocks and
boulders at high velocity contribute to the surface damage of
concrete (Price 1947).

There are many cases where the concrete in outlet works
stilling basins of low-head structures also exhibited abra-
sion erosion. Chute blocks and baffles within the basin are
particularly susceptible to abrasion erosion by direct impact
of waterborne materials. There also have been several cases
where baffle blocks connected to the basin training walls
have generated eddy currents behind these baffles, resulting
in significant localized damage to the stilling basin walls and
floor slab of Nolin Dam, as shown in Fig. 4.2d (McDonald
and Liu 1987).

In most cases, abrasion erosion damage in stilling basins
has been the result of one or more of the following:

a) Construction diversion flows through constricted
portions of the stilling basin

b) Eddy currents created by diversion flows or power-
house discharges adjacent to the basin

c) Construction activities in the vicinity of the basin,
particularly those involving cofferdams

d) Nonsymmetrical discharges into the basin

_lRecircuIating
-~ flow pattern

‘.___’-—s

Fig. 4.2b—Stilling basing abrasion damage from recircu-
lating flows (Hanna 2010).

Fig. 4.2c—Frosion of stilling basin floor slab, Dworshak
Dam, Idaho (Schrader and Kaden 1976b).

e) Separation of flow and eddy action within the basin
sufficient to transport riprap from the exit channel into the
basin

f) Recirculating flow in hydraulic jump stilling basins
(ball milling)

g) Failure to clean basins after completion of construction
work

h) Topography of the outflow channel

i) Rockfall from canyon walls above (McDonald 1980).

Unlike cavitation damage, abrasion damage in stilling
basins is generally slow to develop. Damage generally
requires several flood events or long sustained operations
with materials present such as rocks that can cause damage.
Regular inspection and cleaning can help minimize damage.

4.3—Power plant tailrace damage

Abrasion erosion damage can also occur in the tailrace
of a power plant where water is discharged into the river
channel. At the Buffalo Bill Powerplant in Wyoming, the
draft tubes exit the plant at a lower elevation than the river
channel. At high flow rates through the powerplant, river
water is pulled back into the tailrace, trapping bed material
and riprap from the river and upstream dike. Erosion holes
were found occupied by large boulders that closely match
the size and shape of the hole. Beneath the boulder, smaller
rounded rocks were supporting much of the weight of the
boulder (Fig. 4.3), resulting in point loads that greatly accel-
erate the erosion process (Bartojay 2011).

Documents

Document Sharing Hub

American Concrete Institute — Copyrighted © Material — www.concrete.org acCl »

Full document details: ACI 207.6R-17


http://www.avadocuments.com/doc/aci-207-6r-17
http://www.avadocuments.com/doc/aci-207-6r-17
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Fig. 4.2d—Abrasion erosion damage to stilling basin, Nolin
Dam (McDonald and Liu 1987).

Original surface

Reinforcing steel~

Bulkhead seat with
rounded edges

N\Mpron concrete
N W

Smaller pebbles

Fig. 4.3—Abrasion erosion damage in tailrace, Buffalo Bill
Powerplant, Wyoming (Bartojay 2011).

4.4—Navigation lock damage

Hydraulic structures other than spillways are also subject
to abrasion erosion damage. When the Upper St. Anthony
Falls Lock, Minnesota, was unwatered to repair a damaged
miter gate, an examination of the filling and emptying
laterals and discharge laterals revealed considerable abrasion
erosion (Fig. 4.4) (McDonald and Liu 1987). This erosion of
the concrete to maximum depths of 23 in. (580 mm) was
caused by rocks up to 18 in. (460 mm) in diameter that had
entered the laterals, apparently during discharge of the flood
of record through the lock chamber. Subsequent filling and
emptying of the lock during normal operation agitated those
rocks, causing them to erode the concrete by grinding.

4.5—Tunnel lining damage

Concrete tunnel linings are susceptible to abrasion erosion
damage, particularly when the water carries large quan-
tities of sand, gravel, rocks, and other debris. There have
been many instances where the concrete in both temporary
and permanent diversion tunnels has experienced abrasion
erosion damage. Generally, the tunnel floor or invert is the
most heavily damaged. The diversion tunnels of the Glen

Fig. 4.4—Abrasion erosion damage to discharge lateral,
Upper St. Anthony Falls Lock, Minnesota.

Fig 4.6a—Initial damage due to uplifi generally occurs at
the construction joints (Frizell 2007).

during construction, after passing almost 3 million acre-ft
of water (3.7 billion cubic meters). The exposed aggregate,
concrete matrix, and exposed reinforcing steel bars had a
smooth, worn appearance (Wagner 1967).

4.6—Hydraulic jacking

Typically, the stability of reinforced-concrete-lined
chutes in spillways depends on the overall concrete design,
including joint and waterstop details; reinforcement;
anchorage; and a functioning, filtered underdrain system.
Damage resulting from hydrodynamic uplift on slabs can
begin at a joint, where offsets or spalling has occurred (Fig.
4.6a). Spillway flows over these offsets can introduce water
into the foundation, which can lead to structural damage due
to uplift or erosion of the foundation material. If the leading
edge has a crack or begins to separate, this creates a stagna-
tion point where jacking pressures can be induced (Frizell
2007). Hepler and Johnson (1988) described typical analysis
of spillway failures due to uplift and discussed case studies.

Frizell (2007) determined that a considerable flow is

possible to induce through the gap into Iﬁe subsurface
drainage system. Most drainage dosigns a m@nts
provide for this amount of inflow aid couldbe:undersiZdaring Hub

Canyon Dam in Arizona experienced moderate abrasion
damage (less than 1 ft [S00 mm]) of the invert of the tunnels
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