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Hydrologic-Related Dam Failure Modes

e Overtopping

e erosion of downstream toe, foundation or dam crest

 High Reservoir Levels
e seepage through impervious core; piping and erosion

o Spillway Chute or Stilling Basin Failure

e erosion, cavitation or overtopping
o Spillway Gate Mechanical Failure
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Probable Maximum Flood (PMF):
Upper Design Flood Limit (USBR)

PMF: The maximum runoff condition
resulting from the most severe combination
of hydrologic and meteorological conditions
that are considered reasonably possible for
the drainage basin under study.

Reclamation uses the PMF as the upper
limit of flood potential (maximum) at a site
for storm durations defined by the PMP
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USBR Dam Safety Risk Analysis

‘

e 300 large dams

h. e <50% pass PMF
._ Risk Guidelines
Annual Failure

Probability: 0.0001

AEH Estimated Risk —

Annualized Loss of
Life: 0.001
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USBR Dam Safety Risk Criteria

Risk Estimates
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Hydrologic Loads and Risk Analysis

Annual Failure

Probability f =
 Probability | | Probability
of *| of Adverse Response
. Load | | Given Load |

|

Hydrologic Loading
Estimate
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Hydrologic Risk Analysis Needs:
Floods and Probability Estimates
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Hydrologic Hazard Curve
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Reservoir Elevation Frequency Curve
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Reclamation Hydrologic Hazard Curves:
Extreme Flood Probability Estimation
Methods

* Flood Frequency Analysis with
Historical/Paleoflood Data

* Hydrograph Scaling and Volumes

 GRADEX Method
e Australian Rainfall-Runoff Method

« Stochastic Event-Based Precipitation Runoff
Modeling (SEFM)

 Stochastic Rainfall-Runoff Modeling with TREX

Swain et al. 2004, 2006 RECI. AMATION



USACE DAM SAFETY PROGRAM

PORTFOLIO RISK ASSESSMENT (PRA
Flood ey

H azard INFLOW FLOOD HYDROGRAPHS
METHODOLOGY & EXAMPLE APPLICATIONS
Methods

NOVEMBER 2008
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USACE Flood Hazard Methods

Table 1-1. Matrix of Methods

SPRA

PA

IE

Pool-Frequency Curve

Use Existing Curve from
Water Control Manual or
Design Memorandum
(extrapolate as
necessary)

Historic Data + Rainfall-
Runoff OR Balanced
Hydrographs

Historic Data WITH P-O-
R Simulation + Rainfall-
Runoff AND/OR
Balanced Hydrographs

Inflow Floods
Hydrographs

PMF

Rainfall-Runoff OR
Factor PMF based on
Volume Frequency

Rainfall-Runoff OR
Balanced Hydrographs +
P-O-R Simulation

PMF Frequency

1*10™

Extreme Event Analysis
or Volume Probability

Extreme Event Analysis

Antecedent Pool

From PMF routing

Interpolate from PMF
routing and Calibrated
Spillway Crest Flood or
Top of Gates Flood

Interpolate from PMF
and Calibrated Spillway
Crest Flood or Top of
Gates Flood

Downstream Flow
Conditions

Use Median Flow (50%
exceedance from flow
duration curve)

Residual Rainfall with
Watershed Model or
Residual Rainfall Depth
Adjusted Inflow
Hydrograph

Residual Rainfall with
Watershed Model

SPRA: Screening for Portfolio Risk Analysis (Phase 1)

PA:
| =

Periodic Assessment (Phase Il)
Issue Evaluation (Phase llI)
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USACE Flood Hazard Methods

8.3 Description of Techniques

Several techniques have been used recently to assign probabilities to rare
floods all the way out to the magnitude of the PMF. Each of these methodologies
are generally used in conjunction with gaged frequency analysis as a way of
extending the gaged frequency curves out to events more rare than gaged data
analysis would normally warrant. The following is a list of methods that have
been selected for evaluation for inclusion in the PRA for Corps dams:

1. Extension of Gaged Frequency Curves with Historic/Paleoflood
information
. Hydrologic Modeling using frequency based storm events
. The GRADEX Method
. Stochastic Event Flood Model (SEFM)
. Regional Probability of the PMF
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Reclamation Hydrologic Hazard Curve
Methods

Method of Analysis and Modeling

Hydrologic Hazard Curve
Product

Risk Analysis/Design
Level'

Level of Effort®

Flood frequency analysis (FFA) with
historical/paleoflood data

- Graphical method

- EMA

- FLDFRQ3

flood frequency

CFR, IE, CAS, FD

Hydrograph Scaling and Volumes

hydrographs and volumes;
based on flood frequency

CFR, IE, CAS, FD

Low

GRADEX Method

Australian Rainfall-Runoff Method

volume frequencys;
hydrographs
flood frequency and
hydrographs; based on
rainfall frequency and PMP

IE, CAS, FD

IE, CAS, FD

Moderate

Moderate

Stochastic Event-Based Precipitation
Runoff Modeling with SEFM

Stochastic Rainfall-Runoff Modeling
with TREX

flood frequencys;
hydrographs; volume
frequency; reservoir
elevation frequency
flood frequency;
hydrographs; reservoir
elevation frequency

CAS, FD

CAS, FD

High

High

'CFR: Comprehensive Facility Review; IE: Issue Evaluation; CAS: Corrective Action Study; FD: Final Design

“Low: 10-20 staff days; Moderate: 21-75 staff days; High: more than 75 staff days




Hydrologic Hazard Characterization

 Make use of prior studies (PMF, FFA, etc.)

« Staged approach; balance study cost and
solution cost

« Begin with Initial characterization — streamflow
and paleoflood frequency; scaled hydrographs

e Conduct other studies on an as needed basis

 Application of several methods will increase
credibility and confidence in results
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Hydrologic Hazard Data

Range of credible extrapolation for

Type of data used for Oood [requency analvsis )
Y I ) . Annual Exceedance Probability

Typical Oyptimal
At-site streamflow data 1 in 100 1 in 200
Regional streamflow data 1 in 500 1in 1,000

At-site streamflow and at-site palecflood data 1 in 4,000 1 in 10,000

Regional precipitation data 1 in 2,000 1 in 10,000

Regional streamflow and regional paleoflood data 1 in 15,000 1 in 40,000

Combinations of regional data sets and extrapolation 1 in 40,000 1 in 100,000

USBR (1999)
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Extreme Flood Probability Estimation
Methods: FFA and Hydrographs

« Paleoflood DATA Collection
stratigraphy; macrobotanical analysis
radiocarbon dating/calibration

hydraulic modeling: 1D or 2D
* Flood Frequency Analysis

Bayesian MLE: O'Connell et al. 2002 WRR
Expected Moments: England et al. 2003 WRR
e Hydrograph Scaling
Rainfall-runoff (PMF), Statistical scaling

RECLAMATION



Paleoflood Data Collection

e Direct record of extreme floods In basin

* Record extension — significantly extend the peak-
flow records within the watershed and region

* Individual paleofloods, e.g. Slackwater Deposit
(SWD)

 Place limits on flood experience over time
(paleoflood bound)

* Independent data for rainfall-runoff model
validation

RECLAMATION



Paleoflood Methods

Floated debris, scarred
trees, and other recent

Non-Exceedance Bound + paleostage indicators

) Positive evidence for
long-term landscape stability
Positive evidence
e for past floods

Stable terrace with =
smooth surface and L
well-developed soil

Channels on terrace tread, truncated )
soil profiles, and other evidence e N Slackwater deposits
of erosion and/or deposition AIENR N /‘ J

e Gravel bars and
Minimum paleostage other fluvial bedforms;

"1\" Approximate paleostage little or no soil development

~§ Maximum paleostage

House et al. (2002) AGU Paleoflood Monograph
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Flood
Modified
Surfaces
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Flood
Stratigraphy
(buried road)

1969

Santa Yhez
R.

Southern
California
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Paleohydrologic Bound

“A time interval during which a given discharge
has not been exceeded”

Paleohydrologic Bound

Ground Surface

Fine-grained soil records the
period of stability

Flood plain alluvium

Levish, D.R. (2002) in House et al. AGU Paleoflood Monograph
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Limits of Floods

I4 h
') ; by ’
U V., ¢

Medicine Bow River near Hanna, Wyorhing - 7500 year old stable terrace
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Stable Surface — Limit on Floods

North Platte
River near
Rawlins,
Wyoming
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Botanical Extreme Flood Evidence: Winter 1861 or 1862 flood

Crooked River, Oregon RECLAMATION



{ TYE BEEN READING| SCIENTISTS CAN TELL How
ﬁ:}q UF O PALEOFLOODS | QLD SOMETHING 15 JUsT
A, '\.‘ IT'S AMATING BY AMETING THE LRYERS

™ e STUF v oF DIRT 1T'S M.

:D i\l{_‘_j» [?‘-)\/ Surface Soll

Solls Stratigraphy |~ B Horizon

and Age Estimates | Charcoa

(Radiocarbon) j,~— Burn Horizon
H J Tj—f T ’r ~ Buried Soil

Birkeland (1999) Detrital
solls techniques Charcoal



Radiocarbon Age

5300BP

5200BP

5100BP

5000BP

4900BP

4800BP

Radiocarbon Age Calibration

5100+50BP

Juniper Charcoal

68.2% confidence
5920-5860BP (0.35)
5830-5750BP (0.65)

95.4% confidence
5940-5730BP

99.7% confidence
5990-5650BP

6200BP

6000BP
Calibrated Age

Stuiver et al. (1998)

5800BP 5600BP
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USBR Paleoflood Sites: Western U.S.

Some More Detailed Study Sites

CALIFORNIA: Bradbury Dam,
- Cantua Stream Group, Los
Banos/Little Panoche Dams,
Folsom Dam, Trinity Dam,
Whiskeytown Dam, Friant Dam

! OREGON: Bowman Dam,
Ochoco Dam

IDAHO: Big Lost River

0

UTAH: Pineview/Causey Dams,
Lost Creek Dam

e WYOMING: Seminoe/ Glendo
Data Quality . — Dams

z Recannaissance A . COLORADO PuebIO Dam

RECLAMATION
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Studies in California

1. Santa Ynez River
. Cantua Stream Group
. Los Banos Creek

. Central Sierra Nevada

o A WODN

. Coast Range Extreme
Precipitation

o

. Carson River
7. Trinity River

8. Upper Sacramento
River
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Approximate Unregulated Peak Discharge and Preferred Paleoflood Estimates
American River at Fair Oaks

800000
700000

600000
500000

400000
300000

Lower Rossmoor 2
600,000-850,000 ft' /s
700-2000 years

200000 one paleoflood

g

70000
60000

50000
40000

30000

Lower Rossmoor 1

400,000-550,000 ft'/s
152-700 years
3 palecfloods

Peak Discharge (ﬁs/s)

20000

Censored (unobserved) floods
less than Jan. 1862 peak

(262,000-300,000 ft'/s)

Censored (unobserved) floods

lgggg less than March 1907 peak
7000 (150,000 ft'/s)
6000
5000
-2000 -1600 -1200 -800 -400 1860 1880 1900 1920 1940 1960 1980 2000
Years Before Present Water Year
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Extreme Flood Probability
Estimation Methods: Rainfall-Runoff

* Flood Frequency Analysis with
Historical/Paleoflood Data

« Hydrograph Scaling and Volumes
« GRADEX Method
e Australian Rainfall-Runoff Method

« Stochastic Event-Based Precipitation Runoff
Modeling (SEFM)

« Stochastic Rainfall-Runoff Modeling with TREX

RECLAMATION



Extreme Flood Probability
Estimation Methods

Principles for Improving estimation with annual
exceedance probabilities on the order of 103 or
smaller

1. Substitution of space for time
2. Introduction of more ‘structure’ into models

3. Focus of extremes or ‘talls’ as opposed to or
even to the exclusion of central
characteristics

NRC (1988) Estimating Probabilities of

Extreme Floods RECLAMATION



Extreme Flood Probabilities

construct a space-time extreme
model (rainfall probability biggest factor)

generate several large storms from model

model “deterministic” rainfall-runoff
transformation

produce approximate probability
statements for resultant large flood peaks
and hydrographs.

RECLAMATION



Extreme Flood Probabilities

Method

Rainfall

Runoff

GRADEX

regional rainfall frequency &
exponential tail

transfer function

Australian

PMP probability estimat
rainfall frequen

e and point

Unit Hydrograph
oy nit Hydrograp

Imoment-based regional rainfall

frequency

Unit Hydrograph;
variable parameters
and inputs

stochastic storm transposition with

DAD catalog

2D distributed
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Gradex Method Assumptions

Wate rS h ed a-t GRADEX METHOD OF VOLUME FREQUENCY CURVE CALCULATION

saturation;
Increase In e s e e armeon
precipitation

tends to produce
equivalent
Increase in runoff
volume

7
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5 DAY FLOOD VOLUMES FREQUENCY CURVE FOR THE BASIN
BASED ON GRADEX METHOD AND CALIBRATED TO

AVAILABLE STREAM GAUGE RECORD FLOW VOLUME DATA — |
EXPRESSED AS CFS-DAYS

1,000 10,000
RETURN PERIOD (YEARS)

Upper tail of the flood volume distribution is
exponential with the same scale parameter as

the upper tail of the rainfall volume.
RECLAMATION



Stochastic Event-Based Rainfall-Runoff Model
(SEFM) Key Elements

* Regional Rainfall Frequency using L-Moments

* Hydrometeorological Parameters Treated as
Variables

o Utilize 3-Day Storms and 15-Day Sequence of
Storms

* Runoff Computed using HRU Approach with UH

 Perform Monte Carlo Simulations to Examine
Combinations Favorable to Large Floods

RECLAMATION



A p Select Month of Occurrence of Storm

v

Select 3-Day Storm and/or
15-Day Sequence of Storms

Repeat Select All Parameters
500 That Are Dependent
Times Upon Month of Occurrence

4 |

Select All Parameters That Are
Independent of Other Parameters

Do Flood Modeling

v

Rank All Events in Descending Order
and Develop Portion of
Magnitude-Frequency Curve

Stochastic Simulation Flow Chart




Stochastic Event Flood Model
Peak Flow Frequency, Whiskeytown Dam
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Two-Dimensional Physically-Based
Flood Frequency Modeling with TREX

TREX: Two-Dimensional Runoff Erosion and Export Model

= HYDROLOGY

" RAINFALL
-

..........

Hydrology

PARTITIONING
Pl & . Sediment

|pIssoLveD|
! Transport

/[ || SORBED <=3 5p gounp

= Chemical

FLOODPLAIN

Export @m0 S " Nriicd
Velleux et al. :Qiﬂ‘
2006 ES&T .. iB\O,VElB(A,'g
England et al. Slecson -
2007 J. Hydrol. B — ' .

Velleux et al.
2008 STOTEN

SEDIMENT
RANSPOH MAIN ols

http://www.engr.colostate.edu/%7Epierre/ce_old/Projects/ TREX%20Weh%20Pages/TREX-

‘CHEMICAL

Home.html
ftp://ftp.usbr.gov/jengland/TREX
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TREX: Hydrology Components

Hortonian (infiltration excess) Runoff (events)
Green/Ampt Infiltration

2-D Diffusive Wave Overland Flow Routing

1-D Diffusive Wave Channel Routing

8D Channel Network Topology

Channel Mesh Generator — Spatial Width, Depth
Extreme Storms with Ellipse and Depth-Area Duration
Explicit Initial Soil Saturation Se

Link Model with Stochastic Storm Transposition

RECLAMATION



Stochastic Storm Transposition

Aeff, i

A

tr

G'(d)=p,(d.=d)=p, Z, p;\d, =d)

|dea: space-for-time substitution
DAD extreme StOI'm Catalog . transposeq storm

Basin-Average Rainfall for Time At

watershed '\

Joint Probability: reduce
extrapolation
Extreme storms occurring in transposition
region -

Extreme storm causing a depth exceedance
over catchment of interest
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American River Basin Study Sites
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LOWER AMERICAN RIVER
ROSSMOOR DRIVE SITE

(300,000 cfs)

W\ gaciss/se  Unit Flood Power (Wim?2)

>5,600
== 4,800

= 4,000
. 3,200
m 2,400

1,600

1 km <800
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Preferred Age

Age Uncertainty Preferred Discharge Discharge Uncertainty
Range (ft'/s)

Number of Floods 3
(years A.D. or years ago) (years ago) (It /s)

North Fork American River at Ponderosa Bridge (North Fork Dam)

1997 flood

1997 A.D.

None

64,800

58,000 - 71,000*

Bound

10,000

None

None

240,000 - 360,000

South Fork American River near Kyburz

1997 flood

1997 A.D.

None

25,000

20,000 - 30,000*

Paleofloods (>2-5)

<650 years

None

35,000

32,000 - 49,000

Paleofloods (>>1)

None

650-1125

None

67,000 - 81,000

Paleofloods (>1)

None

1380-1650

None

67,000 - 81,000

South Fork American River

near Lotus

1997 flood

1997 A.D.

None

90,000

72,000-108,000*

1862 flood

1862 A.D.

None

90,000

72.000-108,000

Paleofloods (<3)

None

152-1000

212,000

170,000 - 254,000

Paleofloods (>1)

None

1000-1600

212,000

Lower American River at Fair Qaks

170,000 - 254 000

1862 flood

1862 A.D.

None

265,000

212,000 - 318,000*

Paleofloods (>3)

None

152-700

None

400,000 - 550,000

Paleofloods (>1)

None

700-2000

None

600,000-850,000

*The range in peak discharge 1s based on an assessment of peak discharge uncertainty at the nearby gaging station by

Meyer (1998).
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Seve ral Peak Discharge Frequency Curve - American River at Fair Oaks

Preferred Paleoflood Data Set and Sensitivity
Paleofloods larger = S —— ;
than gage record

+ peak discharge (gage and paleoflood) data
LP-III median (50%) model
- - - 2.5 and 97.5% confidence limits
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Folsom Dam SEFM - USACE

Thousands

]
r River

PEAK DISCHARGE (cfs)

ANNUAL EXCEEDANCE PROBABILITY

Figure 8-6. SEFM Model Results Extended to Probability of 10°
MGS Engineering Consultants
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Folsom Dam USACE Weighted
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Figure 8-13.

Methods

Folsom Dam Peak Flow
———&—— Paleoflood (Peak Q)

L] Historic Peak Flows
LPHI Peak Frequency Curve
0.05 Confidence
—— (.95 Confidence
SEFM Peak Q

Annual Exceedance Probability
Peak Flow Frequencies with PMF Range 1



Hydrologic Hazard Summary

* Reclamation utilizes a suite of methods for
estimating hydrologic hazard curves for dam
safety

e USACE utilizes similar methods

« Combining streamflow, paleoflood and rainfall
data allows more confidence in extrapolated flood
frequency curves

e The procedure relies on extracting information
from existing studies and available data

e Results from multiple methods are combined

 PMF is utilized to represent the upper limit to
nydrologic risk
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Upper Bound to Rainfall and Floods?

)
a
]
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=
[T}
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FREQUENCY (YEARS)
FREQUENCY (YEARS) EQUENCY (YE

Unlimited Magnitude-- Limited Magnitude--
Frequency Fregquency

Does it Exist? Operational Estimates? Hydrologic El Dorado?
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