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Taum Sauk — Upper Reservoir Full




Project Description

450 MW Pumped Storage Project

Located in Reynolds County, Missouri

One of the First PSP, Started in 1963

Licensed by FPC in August 1965

Owned and Operated by AmerenUE

Upper Dam is a Continuous Hilltop Dike 6,562 Ft. Long
Upper Reservoir Water Level Overtopped the Dam
Upper Reservoir Dam Failed on December 14, 2005
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Taum Sauk Upper Reservoir Breached



Scope of Investigations

— Review the operational characteristics of the project
including the overpumping protective systems leading
up to the breach of the upper reservoir

— Perform a forensic evaluation of the breach of the
upper reservoir dam to determine the specific failure
mode

— Submit a final report documenting the results of their
forensic findings on the cause of the breach of the
upper reservoir
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Upper Reservoir Characteristics

Dumped and Sluced Rockfill

Upstream Reinforced Concrete Lining

Parapet Wall Placed atop the Rockfill Dam
Underdrainage Concerns Upon First Filling
Continued High Levels of Leakage Through Dam
_arge Settlements and Movements of Dam and Wall
Relining in 2004 to Reduce Seepage

Revised Water Level Instrumentation in 2004




Design and Construction History

 Comments on Design:
— Early CFRD Type Dams had Poor Performance

— Evolution of Design for CFRD Type Dams
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Design and Construction History

« Comments on Performance

— Early Indications of High Leakage and Settlement
— Emergency Repairs Along NW Side in 1963-64

— Long History of Leakage and Deformation
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Leakage
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Forensic Investigation

 Why did the Reservoir Breach?



1620

1600 -

15680 -

3{// TN/ Penstock transducer

1560

1540 -

1520

Reservoir transducers/v \

1500

1480

04:33:36

12/14/2005 12/14/2005 12/14/2005 12/14/2005 12/14/2005 12/14/2005

04:48:00 05:02:24 05:16:48 05:31:12 05:45:36

Dec. 14t breach.

12/14/2005
06:00:00

12/14/2005
06:14:24






WM SN[ 9 o A= T

TAUM SAUK UFP:=R RESERVOIR N

GREST SURVEY DATA

Wi AL PO TTED

UFPER,. RESERYCH

E-: - EE?HTE“

L e T T ]
Y

BENETEEE
-l_'_-tr_,_-i.i'.-.':,-'.*
!il EI i
= OFY Wl e
Fwi i R







North Side of Breach Face
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BEST ESTIMATE OF ROCKFILL GRADATION



Eroded foundation, note rock jointing and overlying clay materials




Rockfill between top of rock and base of plinth,
note reddish grout in rockfill beneath the plinth




Rockfill between top of rock and base of plinth,
note reddish grout in rockfill beneath the plinth



Modes of Failure

Mode a) Erosion on Steep Slopes Leading to Sliding and Panel Sliding

Mode b) Mode a) Followed by Overtopping Water Eroding Wall Foundation
Causing Wall Overturning and Rapid Rockfill Movements

Mode C) Creation of Local Wedge Beneath Wall from jet Impingement
and Raising Phreatic Surface Resulting in Rockfill Movements

Mode d) Creation of Deep Seated Wedges Driven by High Phreatic
Pressures Resulting in Mass Rockfill Movements
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Forensic Investigation

 Why did neither pressure transducers nor
conductivity probes shut down the pumps?



Typical Project Operation

» Generating and pumping decisions made
at St. Louis based on economics, MISO
and NERC requirements.

 MISO = Mid-West Independent System
Operator.

 NERC = Northeast Electric Reliabllity
Councill.



Operational Characteristics
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Over-Pumping Protection

» Automatic computer initiated pump shut
down at pre-set upper reservoir levels
based on averaged level indications from
three pressure transducers.

» Back-up emergency pump shut down

probes at fixed elevations.

* Installed in fall of 2004 replacing older
systems.



Water Level Monitoring/Control
System (1)

* Three 0-100 psi pressure transducers
enclosed in one protective plastic pipe.

« Water level and volumes derived from
average reading of three pressure
transducers.

* Level and volume displays at Taum Sauk,
Bagnell control center (Osage) and St.
Louis control center.



Water Level Monitoring/Control
System (2)

» Operators can enter different water levels
into computer to initiate shutdown of
pump/turbine 1 and pump/turbine 2.

 Automatic shut down of both units was
normally set at Elev. 1596, but after Oct.
2005, was set to Elev. 1594.



Level Protection Backup System

Commercial conductivity probe and relay
system.

Requires current flow through water.

Logic requires both Hi and Hi-Hi probe “wet
for 60 seconds to initiate pump shutdown.

Tested OK during installation in fall 2004.

"



1620

1600 -

— Penstock transducer

1580 -
1560 -
Reservoir transducers —

1540 -

1520 -

1500 -

1480

12/14/2005 12/14/2005 12/14/2005 12/14/2005 12/14/2005 12/14/2005 12/14/2005 12/14/2005
04:33:36 04:48:00 05:02:24 05:16:48 05:31:12 05:45:36 06:00:00 06:14:24

Dec. 14t breach.




Breach Sequence of Events (1)

 Pump #1 start at 22:14 Dec. 13th. UR
level indicated 1546.6 ft.

 Pump #2 start at 22:55. UR level
indicated 1547.8 ft.

 Pump #2 auto stop at 04:39 Dec. 14th.
UR level indicated 1591.6 ft.

 Pump #1 stopped by Bagnell per St. Louis
instruction at 05:15. UR level indicated
1593.8 ft.



Breach Sequence of Events (2)

Bagnell notes UR level, tailwater and
generate permissives are not normal at

05:38.
Notifications and EAP initiated.



Oct. 6, 2005

* “A week or so ago we noticed that the
reservoir was fuller than normal after
pumpback was completed”.

* Also observed that pressure transducer
and conductivity probe protective pipes
had “come loose from their mooring and
have a bend in them down about 50 feet”.

* “We are lowering the pumpback setpoint
to 1594, down from 1596.”



Note turnbuckle
unthreaded from
lower bolt.







Note separation of guy cable eye bolts from base plates and movement of
one pipe over another.




01/09/2006

Protective pipe base plates are not anchored to reservoir. Left guy cable has
come loose from base plate in right photo.
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Protective pipe support system as found. Note eye bolt
unthreaded from turnbuckle. Also note lock washer in place at
connection to U channel but lack of lock washer at turnbuckle.



Pressure Transducer Failure (1)

* Level errors known as early as Sept, 2005.

* Physical evidence of protective pipe
movement with transducers inside.

* Transducer movement produces level
indications lower than actual level.

« Sept. 2005 removal of one transducer and
adjustment of level indications downward
by 0.4 ft.



Pressure Transducer Failure (2)

* Movement of protective pipes and cables
may have resulted from flow turbulence,
Von Karman vortices or both.

* New runner max. pump discharge is 3,000
cfs compared to 2,450 cfs for old runner.

» EXxit losses into reservoir (turbulence)
varies as flow squared (50% greater).
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Pressure Transducer Failure
Conclusion

 Movement of protective pipe raised
transducers resulting in water level
iIndication that was lower than actual level.

* Twelve minutes of two unit pumping on
Dec. 14" without reporting water level
increase resulted in additional two feet of
water level compared to other Dec. days.



Conductivity Probe Response

* No Hi or Hi-Hi pump shut down inputs or
alarms came into plant on Dec.14t.
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Conclusions

The pressure transducers that monitored reservoir water
levels became unattached from their supports causing
erroneous water level readings.

The emergency backup level probes were set too high to
shut down the pumps before overtopping.

The normal operating high water levels of 1 ft. below the
top of the parapet wall did not allow adequate operational
margin.

The omission of a spillway from the design was a most
important root cause of this failure.



Related Actions Taken (1)

e FERC reviews over pumping protection methods used by
other pumped storage projects.

e FERC directs that licensed pumped storage projects be
staffed and monitored 24/7.

e FERC convenes meeting of pumped storage owners,
FERC staff, consultants and interested parties In
Washington.



Related Actions Taken (2)

e Final draft of guidelines is completed.

e New design of Taum Sauk over-pumping protection
system is based on fail-safe direct acting principles
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Taum Sauk — Upper Reservoir Full





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (These "optimized" settings are consistent with BPA External Web Standards issued on 12-31-2005.  They are similar to the High Quality default settings, except:  1\) file resolution is reduced to 600 dpi;  2\) fast web view is turned off; and  3\) color and grayscale images above 225 ppi will be downsampled to 150 ppi \(to lower resolution\).)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


