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Stagnation Pressure and Cavitation
Failure of Spillways

 Both potential failure modes are triggered by
defects in the concrete flow surface

* Both require higher velocity flow

e Both can result in localized failure of the
concrete lining of a splllway chute or tur
and this can Iead to erc -




Stagnation Pressure
» Significant damage has occurred on several Reclamation spillways

pressure
region

Flow Pattern Over Displacement




Stagnation Pressure Failure

e Stagnation pressure enters joint and reaches
foundation — High pressures/Significant flows
e Limited/Blocked Drainage Capacity
— Pressures develop that exceed weight/anchorage
— Hydraulic jacking removed slab
 Drainage
— Erosion of foundation materials
— Collapse of structure
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Key Factors — Stagnhation Pressure

e Condition of Concrete in Spillway Chute

e Defensive Design Measures against Stagnation
Pressures

e Flood Routing Results/Flood Frequency

e Spillway Discharges (Depths, Velocities and
Durations)

Erodibility of Foundation Materic

BUREAU oF mecLAMATION



Condition of Concrete in Spillway Chute

e Vertical offsets into the flow are the primary concern for
stagnation pressures

e Concrete deterioration in form of concrete delamination,
alkali-silica reaction, freeze-thaw damage and sulfate
attack can exacerbate this failure mode by initiating
cracks, causing localized damage, opening cracks and
joints in chute concrete, creating offsets into the flov

and creating separation of chute from founda

» Recent exam is needed to a
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Defensive Design Measures — Stagnhation
Pressures

e Defensive design measures can prevent the failure mode from
Initiating or progressing

— Waterstops — prevent flow through joints

— Transverse cutoffs — prevent vertical offsets and restricts
seepage path through slabs

— Longitudinal reinforcement — minimize width of
cracks/joint openings and may prevent offsets

— Anchor bars — provides resistance to jacking p!
Filtered underdra — rel ift pr
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Defensive Design Measures
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Flood Routing Results/Flood Frequency

e Routings of specific frequency floods provides
discharges and discharge durations for a flood

of a given return period
* Flood return periods used to generate flood




Spillway Discharges (Depths, Velocities and
Durations)

 Water surface profiles are typically calculated for discharges
obtained from frequency flood routings

e Water surface profiles provide flow depths and velocities at
selected stations along chute

* Flow velocities at joints and cracks are used to estimate uplift
pressures and flow volumes at these locations

e Lateral and upstream extent of uplift pressures and
foundation seepage flows will be a function of drainag
permeablllty of foundatlon bonding (or separat' or
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Erodibility of Foundation Materials

e Soil foundations are generally more erodible
than rock foundations

* |f erosion of foundation materials initiates and
progresses, chute slab can be undermined and
may collapse

e |f slab fails due to jacking, foundation will be
exposed to spillway flows dlrectly |

- Foundation can scc
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Spillway Configuration

Uncontrolled spillways are not regulated and provide little or
no opportunity to reduce discharges or redirect flows should
problems develop during a flood

Gated spillways may allow for reduction in spillway flows and
reliance on reservoir surcharge space, especially for smaller
floods

For spillways with multiple gates it may be possible to ope
gates to direct flow away from damaged area, at lea
upper chute

vays with monolithic




Example Event Tree — Stagnation Pressure

Stagnation Pressure Failure

Unfavorable Joints
4.29493E-08

Starting RWS EI

4.52098E-08
1.86736E-09
23
Breach
1.265
3.20847E-08
0

Unsuccessful Intervention
1.20175

5.0%

Headcutting Initiates
1.1416625

5.0% 1.881E-09

0
Design Inadequate

0.34249875

70.0% 8.778E-08

0
Flow Sufficient

0.018837431
94.5%

2.1546E-06
0
0.00000228

0
Flood Loading
3.76749E-07
6.0E-05 0.00000684
0
0.0000171
0
0.1139715
0 0
23.0% 0.2185
0 0
52.0% 0.494
0 0




Stagnation Pressure and Flow -
Laboratory Tests

Tests were conducted in 2007 to expand the conditions over
which stagnation pressures had been evaluated

Transverse joints with variable offsets and gaps were
evaluated for different flow velocities

Tests were conducted with a water filled cavity under the slab
that was sealed for some tests and vented (representing
drainage) for other cases

Water filled cavity in test may allow for more rapid and
complete response than would occur in actual foundation

Sealed condition represents maximum uplift pressu
would be expected for Jomt geometry ,




Mean Uplift Pressure, sharp edged geometry,
sealed cavity, 1/8-inch gap
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Mean Uplift Pressure, sharp edged geometry,
vented cavity, 1/8-inch gap
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Mean Uplift Pressure, sharp edged geometry,

vented cavity, 1/2-inch gap
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Unit Discharge for Joint/Crack sharp edged
geometry, 1/2-inch crack
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Slab Jacking

e Lateral extent of offset into flow is important —
limited offset will limit extent

* Area of slab subjected to uplift pressure is
factor in jacking potential

e Stagnation pressure flows may overwt
drain capacity

BUREAU oF mecLAMATION



Foundation Erosion

e Lateral extent of offset into flow is important —
limited offset will limit total flow

e Stagnation pressure flows may overwhelm
drain capacity

* Longitudinal open cracks also create the
potential for seepage to be mtroduced into
the foundation -

Foundation erosior
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Big Sandy Dam Spillway

e Portions of spillway chute and stilling basin slabs
began deteriorating shortly after the dam put into
service in 1951

e Cracking occurred in the chute and stilling basin slabs

due to combination of excessive water and ice
pressures along the rock-concrete interface

e Movement of some of the slabs away from t
foundation was evident

ge under slabs wa:
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Big Sandy Modified Spillway
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Big Sandy Dam Spillway

e Spillway operated without incident from 1957 to 1983

e Chute floor slab failed in June 1983 due to uplift pressures
from flows of 400 ft3/s

e Chute inspected after releases ended
e 15-inch thick slab was lifted 2 feet off its foundation

e Later determined that slab failed due to static and dynamic
water pressures under the slab

e Offsets (vertical and horizontal openings) eX|st
upstream edge of the slab allow

ol
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Big Sandy Spillway
Stagnhation Pressure Failure
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Big Sandy Spillway
Stagti E_rssure Failur
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Uplift Calculations

e Big Sandy Spillway Slab failed between stations 4 + 66.87 and
4 + 85.85, during spillway discharge of 400 ft3/s

e Failure was initiated by offset into flow at station 4 + 66.87
(depth of flow — 0.3 ft; velocity — 31 ft/s)

e Assuming 1/8 inch open joint, vertical offset of 0.50 inches
and anchor bars only 50 percent effective, slab would fail

e With anchor bars fully effective, slab would not have failed

e Analysis of slab evaluated 1 foot wide slab section from
station 4+66.87 to station 4+85.85

 Stagnation pressure assumed constant over entire s
From observations after fallure anchor bars :
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Foundation Erosion Due to Stagnation
Pressure
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Slab Settlement Due to Foundation Erosion
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Cavitation

Cavitation is the formation of vapor cavities in a liquid

Cavitation occurs in high velocity flow, where water pressure
is reduced locally because of an irregularity in the flow surface

As vapor cavities move into a zone of higher pressure, they
collapse, sending out high pressure shock waves

If the cavities collapse near a flow boundary, there will be
damage to the material at the boundary (cyclical loading
induced fatigue failure - - - Long duration)

The extent of cavitation damage W|II be a func iC
| caV|tat|on |nd|ces at ke ' S ir




Cavitation Damage Induced Failure

e High velocity flows cause cavitation leading to
damage of the structure

e Damage progresses until the lining fails and flows
have access to foundation materials

e Progressive erosion and headcutting work upstream

e This failure mode is unlikely to progress to the poir
of dam failure, in most cases, due to the lor
“durations that would- 0 1€
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Event Tree Cavitation Damage

0,
S

0

Starting RWS H
0

—
0
—
0

Cavitation Failure

—
0
2050
0

Flood Loading
0.0E+00
5.0E-04

0
Threshold 9:992E:01
0

Ves 50.0%
0
Cavitation
Damage Initiates
0
50.0%
0
0.000026
0
0.000065
0
0.129896
0

Yes 50.0% 2.60618E-06
0 0
Yes 99.0% Breach
0 0
50.0% 2.60618E-06
Unsuccessful 0 0

Yes 90.0% Intervention
0 0
1.0% 5.265E-08
Headcutting 0 0
o o
Yes 90.0% Initiates
0 0
m 10.0% 0.000000585
0 0
Lining Fails
0
0,
10.0% 0.00000065
0 0

0.0000065
0



Key Factors — Cavitation Damage

e Condition of Concrete in Spillway Chute
e Cavitation Indices (cavitation)

e Aeration of Flow (cavitation)

* Flood Routing Results/Flood Frequency

e Spillway Discharges (Depths, Velocities and
Durations)

Erodibility of Foundati
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Cavitation Indices

e (Cavitation Indices can be used to
evaluate the potential for P — P
cavitation damage in a spillway _ Vv
chute or tunnel O =

 Thereis the potential for cavitation pv 2
damage when the cavitation index
is between 0.2 and 0.5, for typical
concrete 2

e For large features mtroduced mto
the flow abruptly (stilling k -
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Phases of Cavitation

* Incipient Cavitation — occasional cavitation
bubbles form in flow; damage occurs at one-
sixth to one fourth of this value

 Developed Cavitation — many small cavitation
bubbles are formed, appearing as a white -
fuzzy cloud

avitation

SNBUREAY oF pEcLAMATION



Polnt of
Inciplent cavitatlion

L—. Run . .
Incipient
Hape Rlse Cavitation

h\\\ H ?yopor
. 4 >Y 3 pressure 4
Vo = Average
veloclty _
[ g at offset

S~

3 4 5 6
run / rlse

BUREAY oF pecLAMATON



== Incipient Cavitation
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Cavitation Damage

e Cavitation damage is not constant with time

e Incubation period - at first, loss of material
does not occur; surface becomes pitted

 Accumulation period —damage rate increases
rapidly and peaks

e Attenuation phase — damage rate decreases
Slgnlflcant damage takes tlme to de
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Cavitation Damage
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Aeration of Flow - Cavitation

 The introduction of air into spillway flows reduces
the potential for cavitation to damage concrete
surfaces

e Aeration reduces the damage that occurs from
collapsing vapor cavities

e |f flow is not naturally aerated, measures can be
taken to introduce air into the flow at crltlcal
locations along the spillway

~ Existing air ramps/alr
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Glen Canyon Dam Spillway

e 41-Foot-Dia. Tunnel with radial gates in each abutment.

 Combined discharge of spillways is 276,000 ft3/s at reservoir
water surface El. 3711

-

re--Sta 2 ea3rs

SECTION THRU RIGHT SPILLWAY TUNNEL
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Glen Canyon Dam Spillway

 May 1983 Colorado River -
watershed extremely
large snowpack

o Left spillway
— June 2 — 10,000 ft3/s

— June 5 — Increase to
20,000 ft3/s

— June 6 — Tunnel was
inspected due to loud
rumbling and several large
holes were found in the
invert of the elbow
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Glen Canyon Dam Spillwa

e |nitial attempts to minimize
releases (<6000 ft3/s)
— Right spillway =27,000 ft3/s
— Left spillway = 32,000 ft3/s

e The cavitation damage was
initiated by offsets formed by
calcite deposits on the tunnel
invert at the upstream end of the
elbow

* Incipient cavitation indices of
deposits along tunnel lining
ranged from 0.64 to0 0.73

e (Cavitation indices of flow in areas
where cavitation initiated in left
tunnel spillway ranges from about
0.13 to 0.14 (1/4 to 1/6 range)

Concrete lining repairs included
ne incorporation of air slots in

ARTMENT OF THE
S pEP mrfgla
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Spillway Wall Overtopping and Stilling
Basin Failure Key Concepts and Factors

e Spillway Design Discharge

e Spillway Discharges (Depth and Duration)

e Convergence and Divergence of Chute Walls
e Superelevation of Chute

e Air Bulking in Flow

e Cross Waves in Spillway Chutes
Spillway Configurajc__io_n-..
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Spillway Design Discharge

 The discharge that the spillway was designed for will
determine the flow capacity of the chute and stilling
basin

e |f flood routings indicate spillway design discharge
will be exceeded for some flood events, chute
overtopping becomes more likely

e Whether overtopping occurs will be influenced by
freeboard provided in the original design and
factors (cross waves and air bulkmg)' i

BUREAY oF necmumo“ 2



Spillway Discharges

e Routings of specific frequency floods provides
discharges and discharge durations

e \Water surface profiles are calculated for
discharges obtained from frequency flood
routings to provide flow depths and vel

* Cross waves and air bulking not




Convergence and Divergence of Chute
Walls

e Best performance of spillway chute is
obtained when confining sidewalls are parallel
to the flow direction and flow distribution is
uniform

* In order to optimize the spillway design, chute i
may be narrower or wider than the cre
structure or termlnal structure

BUREAY oF pECLANATON—"



Convergence and Divergence of Chute

Walls
e Angular variation of flow boundaries should be
limited to:
tana = 3F

* Froude number:

F-v/Jod
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Superelevation of Chute

e Curved spillway chutes result in a rise in water surface on the
outside of the chute and a depression of the surface along the
inside wall due to centrifugal force

e Rise in water surface for supercritical flow in chutes is about
twice that of subcritical flow

e Standing waves can be generated with supercritical flow and
simple curves in chute

e For curved chutes with supercritical flow, use of sp'
transitions with circular curves and invert banki
the wave helghts
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Superelevation of Chute

 The following equation provides increase in
water surface along outside of curve due
superelevation:




Air Bulking in Flow

e Air bulking will generally increase the depth of
flow in chute and is not accounted for in many
water surface profile models (ex. ZPROFILE)

e Air bulking occurs where turbulent water
boundary layer reaches the water surface anc
air is introduced into the flow |

—
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Mean Concentration of Entrained Air (percent by volume) (from
Wilhelms and Guilliver, 2005)
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Point of Inception

AIR-WATER FLOW IN HYDRAULIC STRUCTURES

(5]
<

£ / 7777
> 3 (YIS
"6 \.0 . 0‘3’ 0}‘3 b Y Q}QQ >
s 10 7 7 7 7
o 5.4 7 7 A7
5 s I A7 777
N NN GAVAY.& &
S s < AT /: ‘ Bottom of
~ X ﬂ—éL chute ——
TE éc‘? / //;/;// Pab L uil
2 /A /)
s
g 7 / i / // Manning's roughness
3 /l// / coefficient n=0.013
‘.’5’ | / / /
£/ A
= 7747 77
Z 06t VAW AW AR O AW 4
5 10 50 100 500

DISTANCE TO START OF SELF-AREATION L., meter
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Folsom Dam Spillway
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Air Bulking in Flow

e Bulked depth due to entrained air and
entrapped air:

e db/d=1/1-(C, + Cg); C,=0.23

* |t has been found that the depth of flow
decreases and the velocity increases
compared to that calculated from the abo

equation as air concentratlon |nc_r *
nercent due to re TN




Erodibility of Foundation Materials

e Overtopping flows have the ability to erode
backfill, then erode foundation materials,
which can lead to undermining of the chute

e Soil foundations are generally more erodible
than rock foundations

nd head

e Foundation can scour 3




Spillway Configuration

e Uncontrolled spillways are not regulated and provide
little or no opportunity to reduce discharges or
redirect flows should problems develop during a
flood

e Gate spillways may allow for reduction in spillway
flows and reliance on reservoir storage space,
especially for smaller floods, or brief closure for
emergency repairs

e For splllways with multiple g

D C gates to direc

ates it me
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Ball Milling — Stilling Basin

e Ball milling can expose the spillway foundation and
lead to scour and headcutting

e Ball milling is a mechanism where material trapped
in a hydraulic jump stilling basin is circulated within
the flow and abrades and erodes the stilling basin ‘
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Echo Dam Spillway
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Recirculating
- Flow Pattern
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Table 24-1 - Ball Milling Case Histories

Concrete Depth of Duration of Abrasion/Erosion
Dam Agency Compressive Erosion, | Spillway Flows, Rate
Strength, Ib/in? in Days in/day
Libby USACE 5000 24 720 1inch /30 days
Dworshak USACE n/a 3 53 linch /18 days
Bull Shoals USACE 3600 (28 day) 18 224 linch /12 days
Pomona USACE 5000 - 5600 2 960 linch /480 days
Chick USACE n/a 12 420 linch /35 days
Joseph
Table Rock USACE n/a 3 45 linch /15 days
Oologah USACE 4000 - 5000 17 1100 1linch /65 days
Folsom Reclamation n/a 30 122 linch /4 days

ARTMENT OF THE
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Stilling Basin Sweepout

e Occurs in hydraulic jump stilling basins

e Tailwater is insufficient to allow the jump to
develop or be maintained

e Sweepout can lead to erosion in downstream
channel or floatation of stilling basin followed
by scour, headcutting and breach -

e Evaluate by comparlng conjugate apt
arious flows to pre tailw

BUREAY oF ECLAMAT\‘)“



Hydraulic Jump Stilling Basin
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Wall Overtopping Event Tree

e 1. Starting Res Elev e 6. Headcut Initiates
e 2.Flood Load Range e 7. Unsuccessful
e 3. Spillway Flows OT Intervention

Chute Walls e 8. Breach Forms

e 4. Erosion Initiates in
Spillway Backfill

ARTMENT OF THE
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Failure of El Guapo Dam

e El Guapo Dam spillway failed 12/16/99 as a result of
chute wall overtopping

 El Guapo Dam never overtopped

 Overtopping of chute walls initiated erosion of
backfill behind chute walls and undermining and
failure of spillway chute

e Headcutting progressed upstream and lead to
reservoir breach e -
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Approach Channel to Spillway
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Spillway Chute
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Sweepout of spillway stilling basin
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Overtopping Along Entire Length of Chute
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Overtopping of Upstream Chute Walls
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Breach Formation Nearing Completion
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Headcutting Progressed to Reservoir
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Aftermath of Reservoir Breach
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