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. EXecutive” Summary :: ST

o -'Storage Development and the Keowee Development ’l‘he
_';."'__'fj‘-.l(eowee and Keowee Dam The Oconee Nuclear Stanon (O S) 1s located on Lake'K
1s ad)acent fo the rrght abutment of Keowee Dam and tarlrace ' '

;on\_‘the 1992 Jocassee E

sections, and i mcorporatmg the ONS lnmke Canal Drke and potentral dike fatlure E

: mean sea level (msl) Addmonal !

followmg report

The Keowee Hydroelectnc Developmem is owned and operated b)’ Duke Energy Carolmas, LLC' - L
(Duke Energy), and is part of the Keowee-'l‘oxaway Pro_lect (Pro_|ect) lrcensed by the Federal""'f o
Energy Regulatory Comm'ss"’“ (FERC) as Project No: 2503-SC The FERC regulates the - -
 Project, which mcludes the. oversng,ht of all water reta;' ing. structures at Jocassee Pumped;.:_ -

owee Development mcludes Lake'ff':' o

HDRIDTA a business unit of HDR Engmeenng, Inc. of the Carolinas,- has be'en'.re'tai:ned Iby
Duke Energy to develop a dam breach model usmg the USS. Army Corps of Engineers (USACE)

HEC_RAS, v4, unsteady flow. program to determine ﬂoodmg xmpacts at ONS assoc:ated with a
: -_Sxmulated “sunny day failure of Jocassee Dam. Initial’ HEC RAS results were developed in
. 'December 2008 usmg the: 8 Jocassee dam faxlure scenanos developed m September 2008 based;;._;-.;,'; o

"dam farlure scenarlos were modeled u_ ng the Nauonal Weather Servnce DAMBRK program -';j_ e
_ Based on the 2008 HEC: RAS results and recommendatrons from HDRIDTA Duke Energy'i:_'i'- :
i requested addrtlonal HEC RAS model: reﬁnements in January 2009 to mclude additional’ cross-'- .

;:..~-The March 2009 HFC RAS results are based on a eomplex and detatled model wrth srmulated.

Canal Drke Results mdncate that Keowee Dam 1s overtopped durmg all erght dam farlure

scenarios wrth the maximum overtoppmg depth at 15 7 ft. The maxrmum overtoppmg at ONS
Intake Canal lee is approxrmately 4.5 R for the assumed dam breach parameters used m all 8 -
scenarios. All eight-modeled dam failure scenarios indicate that the simulated cross sectlonal:f‘

water surface elevation below l(eowee Dam does not exceed the ONS yard elevauon of 796 ft

odel development detalls and results are mcluded in the

gency Actton‘Plan (EAP) dam farlure model The erght September:ﬁi. S aE
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Sectron 1

o Projlect Understandlng and Approach

| The Keowee Hydroelectric. Development is owned and operated by Duke Energy Carolmas LLC '
(Duke Energy), and is part ‘of the Keowee-'l‘oxaway Project ltcensed by the Federal Energy
Regulatory Commission (FERC) as Pro_;ect No. 2503 -SC. The Keowee-Toxaway Project
(Proyect) mcludes the Jocassee. Pumped Storage Development and the Keowee Development
The FERC regulates the Project and their role includes regulatory oversrght of all water retammg -
structures at both developments The Oconee Nuclear S

n (ONS) is located on Lake Keowee
e adjacenttothe Keowee Dam and tarlrace S R

: 'Based on a request for addttronal mformanon concemmg ﬂoodmg rmpacts at ONS from a B

‘hypothetical failure of the Jocassee Dam HDR|DTA was commrsstoned by. Duke Energy to
) develop a dam breach failure model using the US Army Corps of Engmeers (USACE)
HEC_RAS vé- unsteady flow program and compare the output from the HEC_ RAS model to
results from the September 2008 Jocassee Dam fatlure srmulattons using the Nanonal Weather_ o
Service (NWS) DAMBRK model. The September 25, 2008 letter report titled, “Oconee Nuclear .
. Statton, Model Stmulanon Results for Jocassee Dam Fatlure Report” presented in Appendtx A
o The emergency acnon plan (EAP) model was prev:ously developed by Duke Energy and results a

i.expenence with the HEC _RAS and DAMBRK models and development of thc 1992 Jocassee_:j

EAP dam fatlure scenarios. Initial model sxmulanon results were submmed on ‘December 31, . o

2008 in a letter report also titled, “Oconee Nuclear Statron, Model Stmulatton Results for":

HDRIDTA was askcd o refme the December 3.1.:,__ 2008 dam breach analysrs based on a -

posmlated failure of Jocassce Dam in accordance with the followmg January 7, 2009 scope of -

work.

@ Resolve the storage-volume issue on the Keowee Reservoir, both arms of the lake.

u Re‘examme the Mannmg s n values for all cross-secttons of the model upstream and

downstream of ONS




Section 1 Project Understanding and Approach

®m Review current cross sections for the entire model to determine that area that should be
‘inactive flow areas’.

w  Assure flows over Keowee Dam are routed to the tailrace for summation into tailrace
volumes and elevations.

m  Include a branch line off of Little River branch up to Oconee Intake structure for volume
and elevation determination.

w  Useall current breach assumptions for Keowee and Jocassee dams.

m  Add a breach for ONS Intake Canal Dike if overtopped for more than 30 minutes with at
least 0.5 ft of water.

8 Route water from ONS Intake Canal Dike to tailrace.




Section 2
Prolect Slte Descrlptlon

The Keowee Development is owned and operated by Duke Energy and ls part of the Keowee-
Toxaway Project licensed by the FERC as Project No 2503-SC.. The Pro;ect mcludes the

Jocassee Pumped Storage Development and the Keowee Development The U. S. Army Corps ..~

of Engmeers (USACE) owns and operates Hartwell Dam, whtch l'orms the third development' o

-site of~ the Jocassee-l(eowee Dam Breach Study Hartwell Dam |s located downstream of .

Keowee Dam. The tatlrace below Keowee Dam forms the upper reach of Lake Hartwell.

21 | Keowe_e Devt;ldpfment '. ._

The Keowee Development is’ located on the Keowee River and consrsts of Keowee Dam; Lrttle

Rrver Dam; Saddle Dikes A, B C and D; Qconee Intake Dtke, gated concrete ogee spillway; ) "

: powerhouse and intake structure. ONS ltes Just beyond the nght abutment of Keowee Dam with-
property bordenng the nght sxde of the Keowee tatlrace ' S

o The Keowee reservoir (Lake Keowee) if fonned by two parallel watersheds connected together ::': :

'fthrough an excavated 6 OOO-foot-long canal The connectmg eanal is located approxtmately ‘/z»I__ : o

‘mile north of ONS The left side. watershed (Keowee Rtver) is tmpounded by Keowee Dam
while the right watershed (Little River) is impounded by thtle River Dam. The ONS Intake _

Canal Dtke, _whtch impounds coolmg and service water at the mtake stmcture for ONS, is .

located on the south side. of the nuclear plant and is approxrmately %-mile southwest of the -
Keowee powerhouse. The ONS Intake Canal kae is locatecl at the end of an excavated canal '
N leading from the Little vaer side of Lake Keowee. - ‘There are a series of four saddle dikes
' :_:_j' located between Ltttle Rlver Dam and ONS lntake Canal Drke An overwew ol‘ the Keowee

:"':Development is shown i’ thure 1.







L zoned rockﬁll embankmem w1th an. earthen core

Section 2 - 3 L Project Site Description .

The seven dams/dikes that 'éom'prise ‘the Keowee. .'Develoornent" are h:o.rlnog'eneous earthﬁll:'

-embankmcms and share a common crest elevation of approx:mately 815.ft mean sea level (ft

-msl) The respecuve crest lengths and maximum hei ghts are:

Keowee Dam crest length (3 500 ft) and hexght (165 ﬁ),
~ Little Rlver Dam crest length { 1 800 ft) and height. ( 165 ﬁ)
' _ONS Intake Canal Dike: -crest length {1,200 ft) and helght (80 f1);
Saddle Dike A: crest length a1, 900 ft) and height (50 ft);
 Saddie Dike B: crest length (225 ft) and helght (15. ﬁ), _
‘Saddle Dike C: crest length (350 ) and height (15 f); Aﬁd
' S_addle Dike D: crest length_(650 ﬁ) and _hetght (4_0 _ft) L

Saddle lees B and C are located a __ve the normal reservmr elevatlon of 800 ﬁ msl and serve as

'ﬂood control bamers Saddle lees A B C and D. were not mcluded m the dam. breach model‘
.Study.

The Keowee Development discharge capacity co'r:l'si_'sts of tiﬁo' hydroelectric generating units
located in the powerhouse and four Tainter. gates at the "spillv_&ay section located. near the left

abutment of Keowee Dam. ‘The spillway crest elevation is 765 & msl. Nor_rnal::'reéer'voir_

elevation is approximately'SOO ft mst with 'a' correspon'ding tailrét:e elevation Of 'approxitna'te'ly -
_' N f msl, “The’ maxxmum avallable dxscharge capacnty at reservou' elevauon 800 R msl'is -
C approxlmately 115, 000 cfs. and includes the combmed mpacny of four Tamter gates fully ralsed: o

~and one hydroelectnc generatmg umt - T T S S

2.2 Jocassee DeYelopinent

'. has a crest length of approxnmately 1,825 f The dam crest elevanon is 1,125 ft msl Two radial

spillway gates and four reversible pump-turb_mes provide the development dlsoharge_ capacity.

The reservoir fluctuation varies between 1,080 ft msl and 1,110 ft msl.

ocassee Dam is approxlmately 385 ft tall and'-.z.-z- e
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'Hartwell Dam is located approxxmately 30 miles downstream of Keowee Dam The top of dam
elevauon is approx1mately 679 &t msl with a dam length of approxlmately 18,000 ft. Hartwell

~ Dam is approxnmately 204 ft tall. The Keowee Dam ta:lrace forms the. upper reach of Lake '

" Hantwell. The normal reservmr elcvanon at the Hartwell Dam is approxtmately 600 ft msl. The '
spxllway consxsts of 12 gates measunng 40 ft wide by 35 5ft tall cach wuh a spillway crest
~ elevation of 630 ft msl. The maximum spillway dlscharge capac1ty at reservoxr elevatlon 600 ﬁ '

“msl is approxxmately 280, 000 cfs. The USACE has mstalled hydroelcctnc generauon
capabllmes at Hartwell wuh a total dxscharge capacny of approxnmately 26 800 cfs '




Section 3

'Model Development

4.0_) program. The HEC_RAS :model is a one-dnmens:onal (1- D) dynamxc flow model with
unsteady flow model compoueuts used in estiméting lduﬁda’tlon due to hypothedcal-damz'failutes; '

- such as Jocassee Dam or to study historic dam failure events HEC_ RAS isa graphlcal mput- |
' based soﬁware ‘program. that has an avallable geographxc ml‘ormatlon systems (GlS) mterface

" and post processmg tools.to support mput and review output

The HEC_RAS Joeasse'e-'Keowee Dam Breach Model of March 2009 (Model) was developed to

include additional Lake Hartwell detail and additional cross section refinement of Lake Keowee,

including the Keowee River, Little River, and the connecting canal sections of the reservoir. The . - .

Model refinement was necessary to address the following 2009 scope criteria:

' Reservou storage volume
Mannmg s n value sens:tmty, e S
- Ineffecnve flow area. development _ _ o
- Routmg of water flow at Keowee Dam (breach and overtoppmg) to the Keowee tatlrace
-;_lncreased mbutary and storage area flood rouung, _ o
- Additional dam failures (ONS lntake Canal Dtke, Little Rwer Dam), and .
River routmg to tie the ONS Intake Canal Dike and Ltttle Rtver Dam outﬂow back mto_

' Keowee River.

HDR!DTA'employed HEC-GeoRAS to- deve_lIOp_-model geometry intiependent of HEC_RAS
using available GIS data from the State of SOuth-Ca'rolina (with some overlap into deor'gia) to -
'_-create Dngltal Elevatton Model (DEM) electronic ﬁles for Jocassee, Keowee, and Hartwell

. reservoir systems. A small portlon of the lower southwestern corner of Lake Hartwell was not o

included in the GIS data and HDR|DTA reverted to using the U.Ss. Geological Survey (USGS)'
National Elevation Data Set (NED) to develop the storage volume for H589 Storage Area. The
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' condntmn detaxls are provxded m Section 3. 3 Unsteady Flow

31 ._Model Geometry' |

completed electromc gcometry ﬁlcs were then 1mported to HEC RAS Geometry inputs and

details are provided in Section 3.1, Model Geometry.

Additional flow parameicrs are rc'quired' .with.the addition bf Hantwell Dam in the dam breach

model. Unsteady flow, boundary condmons, and mmal discharge and reservoir elevation

The Jocasscc—Keowee Dam Breach Model (Model) consnsts of the Jocassee, Keowee, and .
Hartwell rcservonr systems with an approxxmate length of 44 mﬂes The hydrauhc response of - o
 three reservmrs compnsmg 17 nver/tnbutanes are xnwrporawd in. the Model The one-line -
__ -:Model schemanc is prcsented in Fxgure 2. The one-hne schemanc identifies the named':'
:nver/tnbutary reaches, dams/dxkes storage arcas-connectmg tnbutary, and pro;ected ﬂow paths '.

- associated wnth the- respecuve dam failures at Jocassee Dam Keowee Dam, ONS Intake Canal

Dike, and Lmle aner Dam

CSectiond e Model Development - S



Section 3 Model Development

FIGURE 2
MODEL SCHEMATIC

Jocassee-Keowee Dam Breach Study
Dam Breach Model Schematic

11 Jocassee [} . Eastatoe Ck
4—/

Initial
Flow Path

Bhndyd

Savannah River
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Section 3 ' Model Development

The named reaches and storage areas that form Lake Keowee and Lake Hartwell are identified

] Lake Keowee
—  Jocassee Reservoir Storage Area
- Eastatoe Creek
- Eastatoe Storage Area

Crow Creek

Mile Creek Storage Area

Keowee River (upstream of Keowee Dam, Sections | -4)

Canal

Little Creek N

Crooked Creek

—~  Cane Creek

Keowee Spill (upper portion located upstream of Little River Dam)
Little Creek S (Sections.1-3)

Powerhouse (uppér portion located upstream of ONS Intake Canal Dike)

s Lake Hartwell

- Keowee River (downstream of Keowee Dam, Sections 4-6)

Powerhouse (lower portion to Keowee River confluence)

—  Fourmile Creck Storage Area

Keowee Spill (lower portion to Keowee River confluence)
- H26 Storage Area

—~  Twelve Mile Creek

- Seneca River (Sections 1-4)

-  Martin Creek

~  Conneross Creek

H28 Storage Area

- Deep Creck

H32 Storage Area

11
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| ” H30 Storagé'Axea L
- Tugaloo River ' |
- H6I1S Storage Area
- Savannah River

- H589 Storage Arca

‘The Model consists of 1 A1l pnmary CTOSs secnons that were estabhshed in HEC-GeoRAS a!ong _—

wnth 5,762 mterpolated eross secnons to bring the Model total cross section count to 7,173, Asa

" companson to: reference the prevxous analysns the December 2008 HEC RAS model had 617 .
.cross sections ( 149 primary and 468 mterpolated) There are 10 storage areas identified and 14

reach secnon junctions. The physwal size charactenstlcs of Jocassee Dam Keowee Dam, ONS _

Intake Canal Dike, and Hartwell Dam’ were incorporated in the Model. Breach failure

parameters were established for all dams with the exceptlon of Hartwell Dam. Additional cross -

section, storage area, reach Juncuon, and’ dam structure detalls are prov:ded m Sectlon 32,

':Geometry Detalls 'I‘he overall HEC RAS model graphlc is shown in Fxgure 3. Addltlonal and_ _

: more detax]ed Model graphlcs are located in Appendlx Cl o L
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Section 3 Model Development

3.2  Geometry Details

A typical cross section is shown in Figure 4 and depicts Lake Keowee below the confluence of
Keowee River and Crow Creek.

FIGURE 4
TYPICAL CROSS SECTION

The cross section is identified by River (Keowee River), Reach (3), and River Station (50394).
Cross section 50394 is defined by the station and elevation coordinates as pulled from the South
Carolina GIS maps through HEC-GeoRAS. The Manning’s n values are listed as 0.08 (Left
Overflow Bank [LOB]), 0.035 (Channel), and 0.08 (Right Overflow Bank [ROB]). The next
downstream cross section is located 99.11 ft away (reach length).

The Manning’s n values and reach lengths for the Model’s primary cross sections are provided in
Appendices C2 and C3, respectively. The Manning’s N values for a majority of the cross
sections are limited to three designations as shown in Figure 4, The LOB and ROB n values
(0.08) define a floodplain consisting of trees and tree stumps with sprouts. The main channel n
value (0.035) describes a natural stream that contains stones and weeds. The n value range is:

14
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Section 3 i Model Development

s Trees, tree stumps with heavy sprouts: Minimum - 0.05, Normal - 0.06, Maximum ~
0.08;

s Heavy stand of timber, few down trees, little undergrowth: Minimum - 0.08, Normal -
0.10, Maximum - 0.12; and

s Clean, straight, full channel with stones and weeds: Minimum - 0,03, Normal - 0.035,
Maximum ~ 0.04.

There are several river reach sections where HDR|DTA employed up to six Manning's n values.
Cross section 6151 on Eastatoe Creek utilizes five n values and is shown in Figure §.

FIGURE §
MULTIPLE MANNING’S N APPLICATION

200 400 600 800 1000 1200 1400 1600
Staton (1)

Multiple n values are utilized to address changing land use conditions within a section of the
river/reservoir and to assist in stabilizing the initial Model production runs. HEC_RAS is very
sensitive to cross sections that are dry. To facilitate a “wet cross section” the modeler can insert
a pilot channel at the low point with minimal flow (relative to the dam breach discharge) and use
ann value of 1. Cross section 6151 from Figure S represents the latter pilot channel case.

15
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Section 3 Model Development

A significant n value list is found in Chow’s, “Open-Channel Hydraulics” (Chow 1959) and has
been incorporated by the USACE in HEC_RAS.

Detailed cross sections were used to define the respective reservoirs for Lake Keowee and Lake
Hartwell. HDR|DTA elected to use the Lake Jocassee storage volume curve in lieu of creating a
dynamic model of the reservoir.

The confluence of two or more rivers and tributaries are described in HEC_RAS as junctions.
Figure 6 represents the typical junction editor in HEC_RAS.

~ FIGURE 6
FEPRCAL BOEPO.

Junction K16 represents the confluence between Keowee River and the connecting canal to the
Little River basin side of Lake Keowee. Junction K16 notes that the last cross section on
Keowee River, Reach Section 3, is 680 ft upstream of the junction. The first cross section on the
Canal reach is 757.31 ft from K16 at a 90 degree bend to the Keowee River. Keowee River,
Reach Section 4, is downstream of the K16 Junction and HEC_RAS uses the River Stationing
(31523 and 30496) from Keowee 3 to Keowee 4 to calculate the revised reach length from K16

16
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Section 3 Model Development

to the first cross section in Keowee 4. The calculated distance from K16 to River Station 30496
equates to 269.69 ft ([31523 - 30496] - 757.31).

HEC_RAS allows the modeler to select which energy loss calculation methodology will be used
at a given junction. In a majority of junctions the energy equation application is sufficient in
determining energy losses across the junction with angled tributary flow as the loss is not
significant. However, there are junction situations where the tributary angle could cause
significant energy loss. Under these conditions, the modeler should allow HEC_RAS to use the
momentum cquation to calculate energy losses. HDR|DTA elected to use the momentum
equation at six of 14 junctions. The list of junctions and energy loss methodology is presented in
Table 1.

TABLE 1
HEC_RAS MODEL JUNCTIONS
Junction | Reservolr Location ”“““l""'" ST
Ké Cane Creck and Keowee Spill (Little River Dam) Encrgy
K8 Crooked Creek and Little Creek S Energy
K9 Little Creek S and Powerhouse (ONS Intake Canal) Momentum 30
Ki0 Little Creek S, Little Creek N, and Canal Mormentum 90
Kil Keowee Eastatoe Creek and Keowee River Momentum 45
Ki2 Crow Creek and Keowee River Momentum 60
K16 Keowee River and Canal Momentum 90
K17 Powerhouse (ONS Intake Canal Dike discharge and Keowee River Momentum 90
Kig Keowee Spill (Little River Dam discharge) and Keowee River Energy
Hi Sencca River and Conneross Creek Energy
H Seneca River and Deep Creek Energy
HS Hartwell Martin Creck and Seneca River Energy
H7 Twelve Mile Creek and Keowee River Energy
HI0 Tugaloo River and Seneca River Energy

HDRIDTA elected to utilize HEC_RAS storage areas to account for reservoir storage capacity
not associated with the defined primary river reach cross sections (i.e., 1,411). Storage areas

17
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allow water diversion from/to the main stem reservoirs at Lake Keowee and Lake Hartwell. The
storage areas account for a percentage of the modeled reservoir capacity (acre-feet [ac-ft]) but do
not contribute to the calculated discharge through the respective reservoirs. The storage area
editor allows the modeler to select the methodology to be used in calculating storage volume.
The choices are the Area Times Depth or Elevation versus Volume Curve. HDR|DTA chose the
elevation/volume method, which represents the more accurate and realistic reservoir
performance as it relates to natural topography. A typical storage area editor is shown in
Figure 7.

FIGURE 7
STORAGE AREA EDITOR

Figure 7 depicts the storage capacity of the Mile Creek Storage Area. Mile Creek adjoins the
Keowee River south of Crow Creek at River Station 49700. The interpolated volume at Lake
Keowee elevation 798 ft msl is approximately 11,500 ac-ft based on data lines 7 and 8 from
Figure 7. Ten storage areas were developed for Lake Keowee and Lake Hartwell, including the

Jocassee reservoir. The respective storage areas are shown in Table 2.
18
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TABLE 2
HEC_RAS STORAGE AREAS

Storage Area Reservoir River/Tributary | Cross Section
Jocassee Jocassee Keowee River 96876
Eastatoe Ck Eastatoe Creek 14240

Keowee

Mile Ck Keowee River 49700
Fourmile Ck Keowee River 26900
H26 Keowee River 20000
H28 Seneca River 52000
H32 Hartwell Deep Creek 15000
' H30 Sencca River 17000
H615 Tugaloo River 23000
H589 Savannah River 24000

The remaining Storage Area Editor sheets as depicted in Figure 7 are presented in Appendix C4.
The noted storage areas in Table 2 are connected to their respective river/tributaries by means of
lateral structures. Figure 8 depicts the lateral structure supporting the Mile Creek Storage Area.

' 19
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FIGURE 8

w [ ateral Structure Editor - joc.
s 3 ;m i WS 5

e

River Chgmnai

There are a number of ways to connect the storage area to the river reach, including weirs, gated
structure, culverts, diversion rating curve, or linear routing. HDR|DTA employed linear routing
to move water back and forth between the respective river reaches and storage areas identified in
Table 2 with the exception of Lake Jocassee. The Linear Routing Editor window under the
Lateral Intake Structure Editor shown in Figure 8 allows the identification of the crest elevation
(based on topography at specific storage area) and the applied coefficients to move water in/out
of the storage area. HDR|DTA did not have the means or available data against which to
calibrate the coefficient selections and relied on engineering experience and judgment from
previous modeling efforts. The coefficients and crest elevations are validated in Section 4,
Project Assumptions, Quality Assurance, and Model Sensitivity, through comparison of modeled
reservoir storage against defined FERC reservoir storage capacity curves. The remaining Lateral
Structure Editor sheets as depicted in Figure 8 are presented in Appendix C5.

20
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The Model includes the impact of five dams: Jocassee Dam, Keowee Dam, ONS Intake Canal
Dike, Little River Dam, and Hartwell Dam. Dams and lateral structures serve as downstream

.control points and have direct impact on the hydraulic performance of reservoirs and upstream

river reaches. HEC_RAS identifies the characteristics of the structures through the Inline
Structure Editor. Four of the dams, with the exception of Hartwell Dam, undergo failure in the
Model. Breach parameters are identified under the Inline Structure Editor through the Dam
(Inline Structure) Breach Data Editor. Figure 9 depicts a typical breach parameter edit screen in
HEC_RAS.

FIGURE 9
- DAM STRUCTURE) BREACH

Figure 9 represents the Dam Inline Structure/Breach Data for Keowee Dam. Breach parameters
include center stationing (location on structure), bottom breach width, bottom of breach
elevation, breach side slopes, and formation time for the full breach development. The
remaining Inline Structure/Breach Data sheets are provided in Appendix C6. The modeler can
also identify the type of failure (i.c., overtopping or piping) and the triggering elevation to
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commence dam failure. Table 3 summarizes the respective breach parameters at Jocassee Dam,
Keowee Dam, ONS Intake Canal Dike, and Little River Dam.

TABLE 3
DAM BREACH PARAMETERS
DamDike | Failure Mode Elfnu:on ‘:;::;":“ E?m- iﬁ:&? s“(‘ﬁf:;"“ T (:;“""
(ft msl) (ft msf) Time (hrs)
Jocassee (1) Piping 125 250 800 4 11 900
Jocassee (2) Piping 1125 250 919 2 1l 662
Keowee | Overtopping 815 500 670 2 1 790
ONS Overtopping 815 200 715.5 1 111 399
Little River | Overtopping 815 290 670 1 111 580

The Jocassee breach parameters are varied depending on which Model parameters are being
reviewed. Additional detail is provided in Section 4, Project Assumptions, Quality Assurance,
and Model Sensitivity. Hartwell Dam is not failed in the Model and serves as a downstream
control section that potentially impacts the performance of the Keowee River. Figure 10
provides an overview of the Inline Structure Editor for Hartwell Dam,
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FIGURE 10
HARTWELL DAM INLINE STRUCTURE

§ 82883348

As seen in Figure 10, a green arrow is present near the right abutment of the dam. The green |
arrow serves as a graphic indicator for an ineffective flow area. Ineffective flow areas identify
portions of any given cross section that are used for storage bui do not contribute to the overall
water conveyance through the cross section. HEC_RAS allows the modeler to denote portions
of a given cross section as ineffective flow areas. Left bank designations identify areas to the left
of the arrow as ineffective, while right bank arrows designate cross section area to the right.
Figure 11 identifies the ineffective flow areas along Twelve Mile Creek.

23
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: FIGURE 11
TWELVE MILE CREEK INEFFECTIVE FLOW AREA
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HDR|DTA identified ineffective flow areas on six of 17 river reaches within the Model. The six

reaches/sections are identified as:

Twelve Mile Creek,
Conneross Creek,
Deep Creek,

Martin Creek,
Tugaloo River, and

Savannah River (near Hartwell Dam).

Ineffective flow area designations were limited to Lake Hartwell tributaries and along the
Savannah River overflow banks adjacent to the spillway area.

3.3  Unsteady Flow

Unsteady flow requirements in HEC_RAS require detailed inputs that describe boundary
conditions and initial conditions at the first upstream cross sections and model endpoint. In
addition, boundary conditions are presented at internal model locations such as spillway gates
and hydroelectric turbines at the respective dams along with lateral structures and storage areas.
Figure 12 and 13 depict the Unsteady Flow Data Boundary Conditions and Initial Conditions,
respectively.
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FIGURE 12
UNSTEADY FLOW BOUNDARY CONDITIONS
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Section 3

FIGURE 13
UNSTEADY FLOW INITIAL CONDITIONS

There are three types of boundary conditions used in the Model: flow hydrographs, time series
gate opening, and normal depth. The complete list of boundary conditions is presented in Table
4,
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TABLE 4
UNSTEADY FLOW BOUNDARY COND[T[ON S
Reservoir Tributary Reach/Structure ... Boundary Condition
Jocassee Joeassee Dam . T‘me Series Gate Opemng
. East_alo__c_Crgek . FlowHydrograph =
o " Crow Creek | . FlowHydrograph ¢
me Cane Crck Flow Hydrograph
> Crooked Creek . Flow Hydrograph .
. Little Creek North Flow Hydrograph -
“Keowee Dam - Time Senes Gate Opemng o
Twelve Mile Creek "% Flow Hydrogaph S |
..... - ‘Matin Creek Flow Hydrograph
Hartucl ConnerossCreek Flow Hy@mm | IS £
- : . Deep Creek .. Flow Hydrograph
" Tugaloo River .+ Flow Hydrograph ..
Hartwell Dam’ Time Series Gate Opening
Savannah River Savannah River . " Normal Depth

: ':_The ﬂow hydrograph boundary condxtxons arc mtroduced at the ﬁrst cross secuon in, ea"h'.__ﬁ._] '

duration of the model

Time series gatc opcmngs have been estabhshcd at Jocassee Dam, Keowee Dam, and Hartwell. '

Dam to account for exlstmg hydroelectnc generatlon operatnons (1 €., turbme dxscharge) and

' spxllway gate opcratnons at each facility, . Thc Modcl unhzes “Gate #1” 10 accoum for spnllway

. gate operatlon and. “Gatc 2” for turbme operatton HDR]DTA combmed the two' gates at -

: Jocassee Dam four gates at Keowee Dam, and 12 gates at Hartwell Dam as one gate for eachﬁ__:é_':_;_:': o

jfacnhty while uuhzmg the: ‘gate. helghts and total effective. splllway mdth Thc Model assumcs_:_ggz.____:- TR

that Gate-#1 is not utilized at Jocassee Dam due to dam’ fatlurc__occumng during turbine e

discharge only. Table 5 summarizes the time scries gate opening conditions for the Model.
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: . TABLES _ o
TIME SERIES GATE OPENINGS
. Lo - Gate 2-Hydro Operation
Gate 1-Spillway Simulation _ Simalation
Dam . Spillway Invert | Initial Gate - | Max Gate Opening " Discha ; (éf!): '
Elevation (ft msi) _Ope_nlng " Re_ached at _‘l_‘lm'e (hr) : rg_. L
Jocassee N/A - R . 0. 26,600 -
Keowee 790 R VIR SR W R oEs0
. Hatwel | o630 0| 0 Y100 T 26,970

* The spillway gate features, splllway rating curves, and hydro plant dxscharge capac:ty raungs |

. were used to develop the time senes boundary condmons for the Model The splllway ratmg '

: .'3curves for Keowee Dam and Hartwell Dam are located in Appendlx D. Tbe third type of a

boundary condmon is Normal Depth and is apphed at the last downstream cross section inthe =

Model The nominal fnctlon slope of 0. 0()01 was apphed at the last cross sectnon (1480) in the

Savannah Rwer reach. Initial elevation conditions for the respectwe storage areas are shown in

Table 6. The initial storage area elevations for Jocassee Eastatoe Creek and Mile Creek are

variable per each model run. Specific initial elevation values are provided in Section 4, Table 8




Sersitive-€ —— rorrAtThotd-rommPobiieBisct rTEOE PRS0

Section 3

Model Development

TABLE 6
STORAGE AREA INITIAL CONDITIONS
Reservoir Storage Area mm’;}ﬁ:;‘;; tion
Keowee Eastatoe Creek | (variable per run)
Mile Creek (variable per run)
Fourmile Creek 670
H26 660
H28 660
Hartwell H30 660
H32 660
H589 660
H615 660
Jocassee Jocassee (vaniable per run)

The initial river reach conditions are shown in Table 7. The initial discharge conditions in Table

7 are relative flows from one river reach section to another, or from a tributary to a river section.

The initial discharge magnitudes are significantly small compared to developed breach discharge

values and provide assurance that the unsteady flow model remains stable.
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TABLE 7 :
lNlTlAL REACH CONDITIONS

-~ Model Schematic
.Sequendal Order -

1 ] 26600

26600
. 2500
C 29,100 . -
.. .3000
© - 32,100
3000
© 3000
3000
6000
6000
© 500
L 6500
38,600
38,800
D _ 200
18 S 39,000
19 1 500
20 ' 39,500
21 _ 500
22 40,000
23 . 500 -
24 .. 40,500 °
.25 - v 500 -
& 26 ] 41,000
— T 500
C 28 o] 41,500

Reservoir Reach , _--Secuon_ Discharge ('cfé):

Jocassee Lateral Storage '{
‘Area Connector  * ~
Keowee River -
Eastatoe Creek
Keoiavce River

—

. Jocassee -

Keoweemver
C.. CaneCreek. ..~
Keowee .. LittleCreek S~ |°
- . Crooked Creck
Little Creek S
Little Creek S
Little Creek N
Canal -
. Keowee'River = -
" Powerhouse .- -
. Keowee River
. Keowee Spill
Keowee River
Twelve Mile Creek
Seneca River
Martin Creek
Seneca River
" Conneross Creek
. Seneca River
|l DeepCreek
. ..Seneca River . -
Tugaloo River
‘Savanngh River .

ad B B LA R I I

Hartwell -

As noted in Flgure 9, the water surfacc elcvatron that mmatcs Kcowec Dam failure due to
overtopping is 815.5 ft msl, or.0. S above the crest of the dam. Dam failure i 1s mmated at ONS

_ Imake Canal lee and Lm]e Rwer Dam at the same water surf‘ace elevauon

;;__ The unsteady ﬂow Modcl was ﬁxed at computanon mtervals of 10 seconds thh hydrog:aph




Section 3 Model Development

resulting in dam failures due to overtopping at Keowee Dam, ONS Intake Canal Dike, and Little
River Dam. As discussed earlier, Hartwell Dam is not failed in the Model and serves as a

downstream control section that potentially impacts the performance of the Keowee River.
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'Enght modehng scenanos were evaluated in. parallel w:th the 1992 J'ocassee EAP dam farlure'_.'_'_'_

scenanos The 1992 and September 2008 dam failure modelmg unhzed DAMBRK and a8 :

. summary of the modelmg parameters is shown m Table 8.

' ' TABLE 8 ..
SEPT EMBER 2008 MODEL PARAMETERS

Initial Elevation (f( msl) - S Bre_ach;.gannmm.. :

Selected DPC T |, Breach .| - Breach . lInitial Piping| - _Ponom of
. S - o Breach
Jocassee | _K_eowee . Foilure - |. Formation. Elevatlon | .
o B B | ..Mode - L T Elevation
T Refemnce T L Timel (ft msh) " (ft )

S Reeto.red -
1992

ek | s | vese | i |

"1992" Current

Lovels 1085 | .797- > 1992  Piping . 4 940 |0 800

Sensitivity

TCucr 1090 797 ..-l.9l92.f._:-':-='lf!}._)mg.:._ e i O 800

“Sensitivity |-

CaseS .:::::_:_::.::108_9_ ' 796 l 992;.. o| Fiene ) 4 ot

" Case 1085 796 1 1992 i Piping

_ Sensitivity

Cacr” | 1090 || e | e | 4 | o a0

Sensitivity -

Case 4 1108 798 r983 -{ Piping 2 .1009.5 ' 919

. Sensitivity

” An mdependent peer revrew was performed on the Model’s geomctry, unsteady ﬂow boundary_'_ o

Ces0 | om0 ]

and initial conditions, and results. The ‘Model’s complexrty and detall resulted in- numerous I |

model sensitivity runs in_order o optl__mlz_e the _M_odel’s performance _a_nd_ stablhty. Final =

production runs involved cross checking the Model's calculated reservoir éibmge capacity -




Section 4 Project Assumptions, Quality Assurance, and Model Sensitivity

against actual documented reservoir storage capacities. In addition, several ‘Manning's n
sensitivity runs were performed between the assumed n value (normal) and the corresponding

maximum/minimum n values for the respective stream conditions.

The reservoir storage capacity assessment at Keowee Dam is based on the nominal reservoir
elevation of 798 ft msl. The documented Lake Keowee storage capacity at 798 is approximately
910,400 ac-ft. The calculated Model reservoir capacity at 798 is approximately 886,600 ac-ft,
representing a variance of approximately -2.6%7 The Model calculations for Lake Keowee are

presented in Table 9 and include the volume assessments for each river/tributary and junction.
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Reservoir Capacity Caleulation - . = (|

Resérvoir Volume (ac-ft)

liéééhlStoriéé;Area

.. ::Sgcno“

Center.

Toul

~ Keowee Spill

569

173,484

50,601

61,741

25217 .

Mife Creek SA .

1. Eastatoe Creek SA'

Rese&gir Eiév;:tiou at 798 ft msl

Keowee - Keowee River Arm:

" FERC - Keowee Storage (ac-fi):

Lake Keowee Reservoir Total: -
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Section 4 ' Project Assumptions, Quality Assurance, and Model Sensitivity

Similar reservoir capacity calculations were perf;)rmed for Lake Hartwell. The documented
reservoir storage volume at Lake Hartwell at elevation 660.1 ft msl is approximately
2,555,200 ac-ft. The calculated reservoir volume from the Model is approximately 2,659,300 ac-
ft, representing a variance of approximately 4.1%. HDR|DTA’s modeling target variance
is +5%.

Manning's n sensitivity model runs were conducted on the “Restored 1992” model scenario,
which represents the highest peak water surface elevations at Keowee Dam. Manning’s n was
varied at £0.00S from the existing channel n value of 0.035, and +0.02 from the existing LOB
and ROB n value of 0.08. The model results are presented in Table 10.
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TABLE 10

MANNING’S N SENSITIVITY ASSESSMENT

Breach Discharge (mcfs)

R B

=

H

.E A

mor

N

_ !J_pstream

8195 |,

Nominal Manning's n Value Elevation (ft msl)
Sensitivity Case | et | | Right |KeoweeDam|KeoweeDam| SOINEEl | ONS Intake
Overflow "1 overfiow Upstream Tailrace N Canal Dike

1A 0.080 0.030 0.080 830.5 788.5 819.6 3.20 0.62 .
1B 0.080 0.040 0.080 830.7 795.1 819.1 3.26 0.48
2A 0.060 0.035 0.060: 830.9 788.7 819.5 321 0.55
2B 0.100 0.035 0.100 831.0 789.1 819.5 323 0.55

830.8

| 8194
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Results

Model results are preseated in several fermats_within the body of this report and'app_endices '
- including: . '::::33 T E L SRR

- Tabulated numeﬁcat'results.

m  Stageand flow hydrographs, -

. Graphical proﬁl"es. and _

s  Three-dimensional (3-D) graphics.
Al] posted results represent the Model’s performance wrth respect te”the “Restored 1992”
.scenano, as this scenano presents the maximum peak elevatrons and drscharge of the elght -

modeled scenanos
The maximum discharge/elevations and overall results range at Keowee Dam are:

®  Keowee Headwater Elevatton 830.7 ft msl with range of 828.1-830.7 (1992 breach |
parameters) and 817.4-819.8 (1983 breach parameters) : ' :
s Keowece Tatlrace Elevauon 7925 ft msl wnh range of 787 3—7925 (1992 breaeh_

" Keowee D'Scharge 322 m'"mﬂ cubic f per second (mcfs) wnh range of2 92~3 22 (1992 o N

: breach parameters) and 2. 62-2 69 (1983 breach parameters),

- ONS Intake Canal Drke Headwater Elevatron 8195 & msl wrth range of 818 9—8]9 4' -

- (1992 breach parameters) and 816.2-816.9 (1983 breach parameters), and =
» ~ ONS Intake Canal Dike Dlscharge 0 55 mcfs with range of 0.51-0.55 (1992 breach '

parameters) and 0.43 mcfs for 1983 breach parameters

The individual headwater and tailrace results for Jocassee Dam,- Keowee Dam, ONS'Intake__
Canal Dike, and Little River Dam are presented below. Table 11 ‘and Figure 14 represent the
tarlrace performance below Jocassee Dam. The peak tailrace elevanon and drscharge are 885 ft

) ~msl and 4 14 mcfs, respecttvely Both events: occurred at model ttme 4 00
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TABLE 11

JOCASSEE DAM RESULTS

__(Ruxl)

' | Initial Reservoir Elevations|

7 Jocassee

Dam

 DPC Model Name -

- Jocassee

Kebwee

Jocassee Dam

" Peak Tailrace

Peak Discharge
(mcfs)

o Restored "1992

798

Failure Shape’

1992

Elevation (ft msl)

. 885.0

4.14

w |

192" Current Levels

- 997

1992 )

3.44

400

Sensitivity Casé 2

197

158

Sensitivity Case 5.

79

8746 -

£330

796

344

Sensitivity Case |

796

: 878;.2* : S

38|

 SensitviyCased |

- 798

e

200

797

. 8469

S 20

s

200
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FIGURE 14
JOCASSEE TAILRACE STAGE-FLOW RESULTS
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Keowee Dam results are presented in Table 12 and the nWive headwater and tailrace stage-
flow hydrographs are presented in Figures 15 and 16. The peak headwater elevation is 830.7 ft
msl with a discharge of 3.22 mcfs. The peak tailrace elevation is 792.5 ft ms! and the peak
discharge is 3.22 mcfs.
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FIGURE 15
KEOWEE DAM HEADWATER STAGE-FLOW RESULTS
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FIGURE 16

Pige: 1 Rwvee Koowss s Resch 4 RS 273058

The ONS Intake Canal Dike results are presented in Table 13 with the corresponding headwater
and tailrace stage-flow hydrographs presented in Figures 17 and 18. The peak headwater
elevation at the ONS Intake Canal Dike is 819.5 ft msl and the peak discharge is 0.55 mefs. The
peak tailrace elevation immediately below the dike is 791.8 ft msl with a peak discharge of
0.55 mcfs.
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TABLE 13
ONS INTAKE CANAL DIKE RESULTS
Initial Reservoir Elevations ONS Intake Canal Dike
(ft ms)

DPC Model Name Jocassee | Keowee :mi’:; E’;;‘:‘d’::‘:::l) Model Time P“kiﬁr)“"‘ Model Time

Restored "1992 1108 798 1992 819.5 430 0.5 510
*1992" Current Levels 1085 797 1992 819.1 4:40 052 5:20
St O 1090 797 1992 8192 4:40 053 5:10
Sensitivity Case 5 1080 79 1992 8189 4:50 051 5:20
Seasitivity Case 6 1085 79 1992 819.1 4:40 051 520
Sensitivity Case 1 1090 79 1992 8192 4:40 055 5:20
Sensitivity Case 4 1108 798 1983 8169 4:00 0.43 4:40
Sensitivity Case 3 1090 797 1983 8162 410 043 5:00




FIGURE 17
ONS INTAKE CANAL DIKE 'WA STAGE-FLOW RESULTS
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FIGURE 18
ONS INTAKE CANAL DIKE TAILRACE STAGE-FLOW RESULTS
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The tabulated results for Little River Dam are presented in Table 14. The peak headwater
clevation is 822.8 ft msl and the peak discharge is 2.11 mefs. The peak tailrace elevation
immediately below Little River Dam is 782.5 ft msl and the peak discharge is 2.11 mcfs.
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TABLE 14
LITTLE RIVER DAM RESULTS
Initial Ra(e;voélliknﬁon Little River Dam

DPC Model Name Jocassee | Keowee msm éz‘“ﬂm Model Time | ¥ ”"&’f;”“ Model Time
Restored "1992 1108 798 1992 8228 5:00 211 5:10

*1992" Current Levels 1085 797 1992 8220 5:00 203 5:20
Sensitivity Case 2 1090 797 1992 8223 5:00 203 5:20
Sensitivity Case § 1080 796 1992 8217 5:10 197 5:30
Sensitivity Case 6 1085 796 1992 8219 5:00 207 5:20
Sensitivity Case 1 1090 79 1992 8222 5:00 208 520
Seasitivity Case 4 1108 798 1983 818.1 410 1.79 4:40
Sensitivity Case 3 1090 797 1983 817.3 4:30 176 5:00
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The complete set (headwater and tailrace) of tabulated results for the stage-flow hydrographs at
Keowee Dam, ONS Intake Canal Dike, and Little River Dam are presented in Appendix E.
Appendix El provides results for the tailrace at Jocassee Dam along with the respective
headwater results for Keowee Dam, ONS Intake Canal Dike, and Little River Dam. Appendix
E2 provides the tailrace results for Keowee Dam and ONS Intake Canal Dike.

Additional results presented in Appendix E include:

m  Keowee Dam cross section at peak elevation (Appendix E3);

s Keowee Dam cross section near peak discharge (Appendix E4);

s Keowee Dam headwater and tailrace profile performance at Model times 0:00, 2:30, 3:30,
4:00, and peak headwater/tailrace conditions (Appendix ES);

s ONS Intake Canal Dike cross section at peak elevation (Appendix E6);

m  ONS Intake Canal Dike cross section near peak discharge (Appendix E7);

m  ONS Intake Canal Profile with maximum headwater and maximum tailrace elevations
(Appendix E8);

= Little River Dam cross section at peak elevation (Appendix E9);

m A 3-D perspective of Lake Keowee during normal reservoir conditions (Appendix E10);

s A 3-D perspective of Lake Keowee during peak reservoir conditions associated with the
dam failures at Jocassee Dam, Kecowee Dam, ONS Intake Canal Dike, and Little River
Dam (Appendix El1); and

m  Maximum water surface profile along Keowee-Seneca-Savannah rivers (Appendix E12).

The March 2009 Model incorporated the same dam failure scenarios that were simulated in the
September 2008 DAMBRK model as referenced in Table 8. The side-by-side results comparison
are presented in Table 15. In addition, the December 2008 HEC_RAS model results are
presented in Table 16. Recall the DAMBRK model employed 31 cross sections to represent the
river reach between Jocassee, Keowee, and Hartwell dams with limited cross section points to
define the shape due to model constraints. The December 2008 HEC_RAS model employed 149
cross sections along the same reach, while the March 2009 Model utilized 1,411 cross sections.
HEC_RAS is not constrained in defining the cross section geometry as in DAMBRK. The 2008
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HEC_RAS and 1992 DAMBRK models did not account for the dam failures at ONS Intake
Canal Dike and Little River Dam. An overview of the maximum Keowee headwater and tailrace

results is as follows:

DAMBRK headwater: 823.5 ft msl,

2008 HEC_RAS headwater: 831.5 ft msl,
2009 HEC_RAS headwater: 830.7 ft msl,
DAMBRK tailrace: 807.2 ft msl,

2008 HEC_RAS tailrace: 793.3 ft msl,
2009 HEC_RAS tailrace: 792.5 ft msl,
DAMBRK discharge: 3.3 mcf,

2008 HEC_RAS discharge: 3.98 mcfs, and
2009 HEC_RAS discharge: 3.22 mcfs.

R AR g e ol et
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TABLE 15
COMPOSITE RESULTS: SEPTEMBER 2608 DAMBRK AND MARCH 2009 HEC_RAS MODELS

50




TABLE 16
COMPOSITE RESULTS: SEPTEMBER 2008 DAMBRK AND DECEMBER 2008 HEC_RAS MODELS

tnitial Reservair e ’ ' ; :
Eievations (8 ) ’

DPC Model Name Jocasmee Keowse

*1992" Cuarvent Lovels
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Section § Results

The Model complexity was purposely enhanced to evaluate the dynamic performance of Lake
Keowee with respect to the dam failures at Jocassee Dam, Keowee Dam, ONS Intake Canal
Dike, and Little River Dam. The focus of the Model results is in the immediate upstream and
downstream areas at Keowee Dam and the ONS Intake Canal Dike. The stage hydrograph
results presented in Figures 19, 20, and 21 reflect the dynamic performance of Lake Keowee.
Figure 19 presents the headwater stage hydrograph overlays of Keowee Dam, ONS Intake Canal
Dike, and Little River Dam with respect to their dam crest elevation of 815 ft msl. Figure 19
also demonstrates the flood wave attenuation between Jocassee tailrace and Keowee Dam. The
stage hydrographs clearly show the dynamic performance of Lake Keowee given the variable
peak reservoir elevations at Keowee Dam, ONS Intake Canal Dike, and Little River Dam.

FIGURE 19
HEADWATER STAGE ASSESSMENT

Headwater Stage Hydrographs
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Section § Results

Figure 20 provides the stage hydrograph overlay for the immediate tailrace areas below Keowee
Dam and ONS Intake Canal Dike with respect to the ONS station yard elevation of 796 f msl.

FIGURE 20
ONS STATION YARD, TAILRACE ELEVATIONS
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Tailrace Stage Hydrographs
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Figure 21 provides the respective stage hydrographs at the excavated connecting canal at the
respective entrance points between the Keowee River Basin and Little River Basin. The graph
indicates a peak reservoir elevation differential of 9.8 ft from one side of the canal to the other.
The modeled channel length conveyed in Figure 21 is approximately 6,800 fi. The peak time
differential is 10 minutes. The connecting canal performance represents the dynamic behavior
between the two river basins that comprise Lake Keowee. Note that the canal excavation was
limited to 710 ft msl at the Little River side of Lake Keowee.

TR
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Section 5 Results
FIGURE 21
CONNECTING CANAL STAGE PERFORMANCE
Keowee Lake
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Figure 22 provides the Keowee River peak elevation profile from Jocassee Dam to the
confluence with the Little River Dam breach discharge outflow.
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FIGURE 22
KEOWEE RIVER PROFILE
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Figure 23 provides a close-up view of the Keowee River peak stage profile upstream and
downstream of Keowee Dam. The connecting canal between Keowee River and Little River is
located at the upstream end of Keowee River section 3. The ONS Intake Canal Dike breach
discharge outflow confluence with the Keowee River is located at the interface between Keowee
River sections 4 and 5. The Little River Dam outflow confluence with the Keowee River is
located at the downstream end of Keowee River section 5. The dark blue line shown in the

profile represents the starting reservoir/river elevations at the very beginning of Jocassee Dam
failure.
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FIGURE 23
KEOWEE RIVER AT KEOWEE DAM
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The Keowee Dam tailrace performance (model time, elevation, and corresponding discharge) is
shown in Table 17. The peak tailrace elevation (792.5 ft msl) occurs at elapsed model time 6:20
hours.
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TABLE 17
KEOWEE TAILRACE STAGE ASSESSMENT
Keowee Dam Tailrace Performance
Time (hr) Elevation (msl) Discharge (cfs)

0:00 6779 45,700

3:30 688.9 172,700
4:00 7093 627,900
5:00 766.9 2,539,000
6:00 791.2 2,702,000
6:30 792.0 2,297,000
7:00 1817 1,966,000
8:00 774.9 1,497,000
10:00 750.3 817,700

Figures 24, 25, and 26 provide corresponding graphical results from Table 17. The cross section
is located in the immediate tailrace area below Keowee Dam and provides an illustrative
representation of the tailrace performance prior to the peak elevation, post Keowee Dam breach,
and post breach with receding tailrace.
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Section § Results

FIGURE 24A
KEOWEE TAILRACE, PRE-PEAK (TIME 0:00)
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FIGURE 24B
KEOWEE TAILRACE, PRE-PEAK (TIME 3:30)
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FIGURE 24C
KEOWEE TAILRACE, PRE-PEAK (TIME 4:00)
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FIGURE 25A

KEOWEE TAILRACE, POST BREACH (TIME 5:00)
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FIGURE 25B
' KEOWEE TAILRACE, POST BREACH 6:00)
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FIGURE 26A
KEOWEE TAILRACE, POST BREACH RECEDING (TIME 7:00)
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FIGURE 26B

KEOWEE TAILRACE, POST BREACH RECEDING (TIME 8:00)
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FIGURE 26C
KEOWEE TAILRACE, POST BREACH REC (TIME 10:00)
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Table 18 provides a time lapse overview of the upstream reservoir performance at Keowee Dam,
ONS Intake Canal Dike, and Little River Dam. Featured results include initiation of dam failure
due to overtopping (815.5), peak reservoir elevation associated with combined dam breach and

overtopping, and post dam breach reservoir recession.
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TABLE 18 .
INITIAL DAM OVERTOPPING ASSESSMENT
DamDike | Time(br) Rm"(‘;:'ni:;"ﬁ“ |
0:00 798.1
3:10 813.2
3:19 815.0
3:20 815.2
3:22 8155
e |20 o
500 828.0
5:30 818.8
5:40 815.9
5:43 815.0
5:50 813.0
0:00 798.1
4:00 815.0
4030 sl 8IS
ONS Dike 419 o = 3“_5'?_.__ :
430 - fF . 8195
440 818.7
4:49 815.0
4:50 814.7
0:00 798.1
4:00 814.7
4:05 8188
Little River 10 s163
5:00 822.8
5:30 817.8
5:40- 815.5
5:50 813.0
... .Peak Reservoir Elevation
Dam and Dike Crest at 815.0 ft msl
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- Conclusmns

September 2008 DAMBRK models Model results of the srmulated Jocassee Dam failure

. indicate the maximum peak reservorr elevatlon upstream of Keowee Dam 1s approxrmately 830.7

*~“s~+ P A CI

ft msl representmg an overtopplng depth of 15. 7 ft. The overtoppmg depth and reservoir: -

elevation represent the combmed breach and overtoppmg drscharge influence at Keowee Dam o

The maximum peak tailrace elevatlon lmmedlately downstream of. Keowee Dam is 792.5 ft msl

The peak drscharge 1mmedtately above and below Keowee Dam is approxtmately 3.22 mefs. |

. The maxrmum water surface elevatron 1mmedrately upstrearn of ONS Intake Canal Dike is

_approxrmately 819 5 ft msl, representmg an overtoppmg depth of 4.5 ft. The’ maximum peak o

tailrace elevation rmmedrately downstream of ONS Intake Canal Dike is approxrmately 791 8 ft

msl The peak drscharge rmmedrately above and below ONS Intakc Canal Drke 1s approxrmatcly o :._3-. -

0 55 mcfs ke

' 'Model results indicate that the . maxlmum tarlrace ﬂood elevanons for all scenarios are less than o

. 796. ﬁ msl. The model time representmg the peak reservorr elevattons at Keowee Dam and ONS__ .

lntake Canal Drke are 4:40 hours and 4 30 hours, respectrvely, and represent the dynamrc__"

g rmpacts assocrated wrth Lake Keowee cross sectron geometry, dam farlure duratrons at J ocassee-' _ .

ﬁ':-*Keowee~0NS Intake Canal Drke, and breach size. The ‘Teservoir - “elevation and drscharge G

performance at Keowee Dam and ONS Intake Canal Dtke behave propornonally w1th the

“Jocassee Dam reservoir elevatron and dam breach parameters. -

The 1992 Jocassee DAMBRK and the September 2008 DAMBRK models consrsted of 31 cross

~ sections that deﬁned the 42-mtle reservoir system between J ocassee and Hartwell dams The

2008 HEC_RAS model unhzed 149 cross, sectrons for the same. reservorr system whrle the 2009

- HEC_ RAS model consrsted of 1 4ll Cross sectrons -The 2008 model represents a ﬁve-fold' -

:'mcrease in detarl over the 1992 DAMBRK model. The 2009 model represents a nme-fold and__- ' _

45-fold cross section mcrease over the 2008 and 1992 modcls respecttvely
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Section 6 . Conclusidey

The DAMBRK and HEC_RAS model resuits repfesem results intended for two different
purposes. The 1992 DAMBRK results established the overall relative EAP flood inundation
maps associated with a failure at Jocassee Dam. Limited cross sections were required to achieve
the inundation objective. An inherent constraint with DAMBRK is the limited definition
allowed at any given cross section due to the constraint on the number of coordinates (i.e., stage,
elevation). The 1992 DAMBRK and 2008 HEC_RAS models utilized large water storage areas
to reflect Keowee Lake tributary performance and did not model the impact of the ONS intake
canal or the dam failures at ONS Intake Canal Dike and Little River Dam. The 2009 HEC_RAS
Model exchanged the previously modeled large storage areas in Lake Keowee in favor of defined
tributary and main stem cross sections to define complex h§draulic channels and terrain
associated with the Keowee River and Little River basins including the ONS intake canal. In
addition, the final Model results reflect the influence of dam failures at ONS Dike and Little
River Dam. The 2009 Model sought focused results at Keowee Dam and ONS Intake Canal
Dike through additional geometric definition and simulation options in order to assess postulated
dam failure impacts at ONS, |

The Lake Keowee reservoir storage capacity calculation results contained in Table 9 along with
the Manning’s n value sensitivity results in Table 10 provide reasonable acceptance of the
model’s performance. The Model reservoir volume calculation resulted in a variance of -2.6%
when compared against the documented volume at same reservoir elevation. Manning’s n
sensitivity model runs provided variable results in peak headwater elevations, peak discharge,
and ﬁeak tailrace elevations. Given the dynamics of an actual dam breach, the overall headwater
elevation variance range at Keowee Dam and ONS Intake Canal Dike was <0.5 fi. The Keowee
Dam breach discharge variance represents an overall discharge range of <1.9%. The tailrace

elevation range is approximately 6.6 ft, representing an overall tailrace depth change of <5%.

Breach times and water surface elevations are approximations limited by the uncertainties
associated with dam failure flood routing should not be considered absolute numbers due to'the
variety of unknowns. Uncertainties of input variables include breach formation size and time to
failure, complex geometry of Lake Keowee and Lake Hartwell, assumed spillway gate

operations at Keowee and Hartwell dams, and calibrated model performance against known
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Section 6 Conclusions

extreme flood events resulting in reservoir elevations at/near dam crest elevations. ' There are no
known flood-discharge events exceeding full pond (elevation 800 f msl) in the Keowee
Development’s history, nor in the history of the Keowee River. The largest pre-impoundment
discharge on the Keowee River was around 25,200 cfs (August 1940), which is approximately
equal to a 50-year return period flood. The flood of record since the project was constructed
occurred on August 17, 1994, as a result of Tropical Storm Beryl. During this time, radial gates
2 and 3 were opened 15 ft and radial gates 1 and 4 were opened 6 . The peak discharge from
the project during this event was measured to be about 54,000 cfs, including approximately
9,400 cfs through the generating units (Duke 1995).
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