Best Practices in Dam and
Levee Safety Risk Analysis
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Definition

- e s
e The systems risk TRy
approach looks at the /
combined risks

associated with multiple
facilities.

 This approach may be of
Interest when the
controlling risks at
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Applicability

* Corrective action studies
involving hydrologic PFMs ™l
whose estimated risks are ¢ . .=
tied to the ability to pass
or not pass a flood (i.e.
overtopping PFMSs)

 Note that the decision to
move to corrective action

Ild be based on the
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Basic Motivation

« To develop a more cost
effective fix for the facility
that is the primary focus of
the corrective action study
by distributing some of the
modification work (and on
paper, some of the risk) to
other dams in the




Is this something | can do?

e The team must have a
working understanding of
basic probability theory
concepts (ME and CE
events, intersection
probability, conditional
probability, Venn dlagram)

For hlgher level st




Individual versus system risks

 For an individual facility, the
risk is estimated in terms of
potential failure modes. The
PFMs are often treated as ME
events or transformed via the
common cause adjustment
(CCA)

For ME PFMs the occurrence
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Individual versus system risks

* |In the hydrologic systems
approach, the “PFMs” of the
system are the individual
dam failure events (e.g. “Dam

A fails”, “Dam B fails”)
 Unlike in the case of the .
Individual dam approac[],_ |

these “PFMs” are not




Individual versus system risks

e Considered individually, a
pair of dams has a total of
two fail outcomes, A (Dam A
falls) and B (Dam B fails). In
contrast, a system of two
dams has three fail outcomes

Note that the system failure
orobability is not equal to tf




Precedence and causality

* Consider a pair of dams A ]
and B, with Dam A located =
upstream of B. All major
floods are thought to
originate upstream of A

 Note that whereas the Venn
diagram intersection event
AB describes the failu |




Precedence and causality

e |n contrast, the following event tree assumes
that if both dams fail, A fails first

e Can lead to confusion if the Dam B individual-
dam risk estimates are not premised on non-

fallure of A Pas  ——> P(AB)=Po xPuxPys
Dam B - Fails
=) Response to
A hydrographs (Dam A
Dam A - Fails breach outflow)

1-Pein

Response to
f . () ()




Precedence and causality

* In order to help allocate risk, — A —
better understand where the — e

risk iIs coming from, or help
guantify the probability of

both dams failing, it is often
convenient to subdivide AB

 For example, the event AB
can be decomposed |




Assigning “Blame”

P(SYS) =P(AB)+P(4AB) + P(4B)
P(SYS) =P(AB)+ P(4B), + P(4B), + P(AB)

 The total system AFP is
equal to the occurrence
probability of the three
system fail events (four if
P[AB] is subdivided)

 This total AFP can be
reallocated to the indivi-
dual dams that make |




Assigning “Blame”

 |If both dams fail, but B fails before the breach
hydrograph reaches it, A may not be “to blame”

90,000
Dam A Breach Hydrograph (capable of failing
80.000 | Dam B, but due to lag time between Dam A
' breach hydrograph and Dam B operations
hydrograph, Dam B may have already failed
70,000 | by the time that Dam A breach hydrograph
reaches Dam B).
60,000 Dam B Operations Hydrograph, which
is a combination of Dam A operation
= releases + intervening flows (capable of
% 50,000 failing Dam B before or at the same
@ time Dam A fails).
.'DL'
Lag Time between
Hydrograph Peak
20,000 | ydrograph Peaks

Time (hours)



Assigning “Blame”

e |In this case, the following sub-AFPs can be
summed to obtain P(B) .

Response to hyS
(Dam A breach outflow)

FLXPAXPB|AXP].B|A

BlA P(AB) = P,(AB)+ P,(AB)

P
Dam B - Fails
Pa Poga=1" Piga— Pa(AB) = P XP,XPy, Xy

Dam A - Fails Response to hydrographs (Dam A
outflow + intervening flows before or at
same time as Dam A failure) :

—> P(AB) =P xP,x(1-F

Flood
Loadings (Pg,)

Response to

hydrographs US
inflow




Hydrologic Loadings

 For the hydrologic risk systems approach, it
IS Important to understand the meaning of
the available loadings

 The following types of loadings may be
available or needed

— For upstream dam:

* Operation hydrographs (frequency flood hydroc
based on hydrologic hazard data).

or downstream dar




Hydrologic Loadings

Case 1:

— High degree of confidence that upstream
dam breach hydrograph (rather than the
operation hydrograph) will cause failure of
downstream dam(s)

« Typically the case when the dams are close |
together and the intervening flows are limited

e Simple hydraulic model (e.g. SMPDBK) can

be used to estimate breach outflow, approxi-
mate downstream attenuation and approxi-
mate inflow hydrograph to downstream po' i
of interest (such as reser M‘ formed b



Hydrologic Loadings

« Empirical breach equations:

— For embankment dams,

Froehlich regression equations
Or is the peak breach outflow (f/s).
{J, 15 the operation releases (such as from a spillway and/or
outlet works) at the tume of fatlure (f7/s)
0.295 1.24 Vi 15 the volume of water above the breach mvert (ac-ft).
QP :Qo +401Vw hw i 15 the hydraulic head (depth of water) above the breach
invert ().

— For concrete gravity and arch

dams, NWS simplified equation

| IV is average width of breach (ft). Typically, breach widths
are hmited by the number of monoliths that could
be displaced and are defined by the
upstream-downstream dam contraction joints.

fi, 15 the hydraulic head (depth of water) above the breach
invert ().

Ir 15 the failure (breach) time (hrs). For gravity dams,
fr= 0.2 hrs. Default values for gravity dams is
fr = he/(40x60) and for arch dams 1s fr = /(50x60).

C 15 equal to 23 4xds/TV

As 15 the reservoir water surface area corresponding to

the hydraulic head. &, (ac.)



Hydrologic Loadings
Case 2:

— Uncertain which hydrograph (operational vs
breach) will cause failure of downstream dam(s)
e Often the case when the dams are far apart and/or

there are major tributaries entering the river
between the dams

 May require distinct operational and breach
hydrographs to be generated

e Consult with your Flood
Hydrology or H&H gro

000000

Dam A Breach Hydrograph (capable of failing
Dam B, but due to lag time between Dam A
breach hydrograph and Dam B operations
hydrograph, Dam B may have already failed
by the time that Dam A breach hydrograph

Dal mBOp
is a combin fDamA oper:

ns Hydrogr: ph wh ch

= releases + in gfl ws( p bI of
~> 50,000 - failin gDmef t the same
time Dam A fails).

Lag Time between
Hydrograph Peaks




Flood Routings

Once hydrographs have been developed,
they must be routed in order to determine
whether the floods can be passed or whether

(and how much) overtopping will occur
— Options:

« Static (one-dimensional) flood routing (e.g. FLROUT) —
Assumes non-failure of dam. Refer e.g.to BOR DS1

-----



Systems Risk: Basic Process

1. Determine which hydrographs are available
and which are needed

2. Review or perform flood routings of the
available hydrographs

3. Review the existing individual-dam risk
estimates or independently develop new
system risk estimates

. Adjust the existi




Systems Risk: Basic Process

D.

. For each alternative, update hydrographs as

Allocate risk to determine whether one or
more dams require action to reduce risk

If action to reduce risk is needed, develop
risk reduction alternatives involving both
Individual dams and the system as a whole

needed and estimate risk reduction

Compare the alternatives =~




Simple Example

A Comprehensive Review was
recently performed for two dams on
the Big River, Glissade Dam and
Gunbarrel Dam. Glissade is located
10 mi. upstream of Gunbarrel

o At Glissade, the risk of overtopping
was found to be high, and an Issue
Evaluation recommended




Simple Example

« The Glissade IE team confirmed that |
the risk (AFP) of overtopping failure |
was high, and recommended a CAS

e The CAS team thought a systems

approach might be useful, but did

not wish to re-estimate risks until

they could be sure (facilitator busy)

Accordingly, the CAS team decided
* : eening




Simple Example

 The following risk estimates were available

— The total AFP for Glissade Dam (1.2e-3)

— The total AFP for Gunbarrel Dam (8.9 e-5)

— The AFP for the OT PFM at Glissade (1.1 e-3)
— The AFP for the OT PFM at Gunbarrel (7.9 e-5)

— The conditional probability of overtopping breach, given a
1000-year flood or greater originating upstream of Glissade,
for Glissade Dam (0.99)

— The conditional probability of overtopping breach
1000-year flood or greater orlglnatlng upstree
for Gunbarrel Dam (0.05




Simple Example

* In order to estimate the system risk
of hydrologic failure, the following

risk estimates were required:

— The probability of Glissade Dam failing and
Gunbarrel Dam not failing given a 1000-year or
greater flood

— The probability of Glissade Dam not failing and
Gunbarrel Dam failing given a 1000-year or
greater flood

— The probability of Glissade Dam failing and
Gunbarrel Dam failing given a 1000-year or
greater flood



Simple Example

Have: Need:

=1000-yr +

= 1000-yr +




Simple Example

o Step 1: Match up the indivi-
dual dam fail outcomes with

: Gu
the system fail outcomes GuGl
— The CAS team assumed that the Gu A
flood routings used for Gunbarrel GuGl
Dam were based on operational
releases from Glissade GI

— Since the estimated probability of

failure at Gunbarrel is thus — ' Gua
premised on the non-failure of Gl

"
pal e Na -'_




Simple Example
Step 2: Adjust numbers

— A basic axiom of probability theory is
that the total probability of something
happening (i.e. the size of the sample
space) cannot be greater than 1.0

— The same holds true in a reconditioned
sample space, such as the one implied
by the statement “given a 1000-year or
greater flood”

Since the four system outcomes (given
the 1000-year flood) are




Simple Example s
Step 2 cont’'d

— According to the intersection probability
formula, the probability of the inter-
section of two events A and B is given
by P(AB) = P(A)*P(B|A)

— Since the CAS team has assumed that
that the failure probability estimated for
Gunbarrel is premised on the non-failure
of Glissade, the non-failure of Glissade
can be used as the condltlonlng event

— The probablllty of G|ISS

GuGl

GuGl

0.01*0.05
P MGU&

0.01*0.95

P E&%:ala

gy



Simple Example

 Once the probabilities of the system
outcomes have been adjusted, the next step
would be to estimate the life loss for each
system outcome, and to calculate the
baseline (pre-mod) annualized life loss

e The team could also elect to subdivide the
event of both dams failing (GuGl) into a pal
of sub-events with dlfferent orders Of




More Complicated Example

« Based on its first pass, the Glissade
Dam CAS team concluded that the
systems approach had promise. As a
result, the decision was made to re-
baseline the system risks

« The team sought out the services of
John, an experienced hydrologist, who
was able to develop hydrographs
associated with the different system

breach and operatioi onditions

—— —



More Complicated Example

« Based on the flood routings, the team once
again decided to focus on the 1000-year flood

« Based on the availability of multiple routings,
the team subdivided the Gunbarrel failure
event into two sub-events, Guy and Gug,
where O indicates failure by the Glissade

Dam operational hydrograph and B by the

Gllssade Dam breach hydrograph "




More Complicated Example

Using the intersection probability formula, the

team estimated the probabilities of the system

fall outcomes as follows:

— P(GugGl) = P(GI) * P(Gu|GIl) = P(GI) * P(Gug) = 0.99 * 0.85 = 0.84
since the B hydrograph assumes a breach of Glissade

— P(GuyGl) = P(Gl) * P(Gug|Gl) = P(Gl) * P(Gug) = 0.99 * 0.35 = 0.35
since Gug, and Gl are statistically independent events

— P(GuUGI) = P(GI) * P(Gu,|Gl) = P(GI) * P(Gu,) = 0.01 * 0.
since the only way Gunbarrel can fail given Gl is by

P(GuG_L— P(GI) (1- P(Gu

g) 0.01 *0.65 =



More Complicated Example
e Given the 1000-year flood, the five system
outcomes should be ME and CE:

 The fact that their conditional probabilities sum
to 1.2 indicates that there is still intersection

e Intersection aresult of the way that the system
probabilities were

estimated (but best /P=0.35 L
we can do without =—%7 Gug!
a time-dependent 1000y +—b— P ~ 0 — [GuGH
ity curve P = 0.0035 (5=

= 0.0065 GuGl




More Complicated Example

« Common Cause Adjustment
(CCA) resolves the intersection
by adjusting the “sizes” of the
Individual events

« Total probability of the union (in
this case 1.0) remains the same JlL AN

e Not an exact solution, but better




More Complicated Example

 Once the probabilities of the system outcomes
have been adjusted, the next step would be to
estimate the life loss for each system outcome,
calculate the annualized life loss, and
“reallocate” risk back to the individual dams

o After doing that,

the team would be ~ 05917 cusl
ready to start

s F=07000 o
developing .

y ) 1000-yr + P~0=— GuGl

e action /_ e —

: — GuGl

= 0.0054 GuGlI




Most complicated example

e Given:

— 2 dam system, both embankments. -
« Dam A (upstream).
« Dam B (downstream).

Flood between Dam A and
Flood u/s of Dam A. Dam B - Hydrograph could
be Dam A releases +
intervening flows; Dam A
Dam A (embankment) breach hydrograph w/ or
w/o intervening flows. Flood d/s of Dam B -
Hydrograph could be Dam
Dam B (embankment) B releases; Dam B breach
hydrograph as a result of
Dam A failing or not failing.

Illustration - Existing Dam System




Most complicated example

System Description

Dam A:
 Reservoir — 1,000,000 ac-ft.

« Zoned embankment — Hgg =
200 ft., Legesr = 1,400 ft.

» Spillway — Location — reservoir
rim, controlled (gated), Qpesicn =
75,000 ft¥/s.

e Outlet Works — Location — right

- ——
M s

Dam B:

 Reservoir — 45,000 ac-ft.

« Zoned embankment — Hg;z = 90
ft., Lepest = 2,500 ft.

« Spillway — Location — right
abutment, uncontrolled (ogee)
Qpesiey = 25,000 ft3/s.




Most complicated example

* Individual Dams Approach - Hydrology and
Flood Routing:

— Both Dam A and B periodically evaluated as part
of the Dam Safety Program.

— Seasonal frequency floods and PMFs have been
developed.

* Rain-on-snow (Feb through mid-Jun).

 Thunderstorm (mid-Jun through Aug).

— Basic flood routing




Most complicated example

* Individual Dams Approach - Consequences:

— Incremental consequences for hydrologic PFMs —
difference between life loss due to breach
outflows (dam failure) and max. operation
outflows (non-dam failure).

— Available inundation data/maps may not fit exa
situation being evaluated. -
* Inundation studies for both max. operatic




Most complicated example

* Individual Dams Approach - Baseline RA:
— Overtopping fragility curves developed for each dam.

— Overtopping PFM event trees were developed for
each dam, which included initial RWS ranges, flood
loading ranges, and conditional breach probabilities
based on fragility curves.

« For Dam A: AFP = 7.35E-6, ALL = 7.35E-4. |
« For Dam B: AFP =6.46E-5, ALL =3.87E-3.
— Based on risk estimate

am A 0




Most complicated example

* Individual Dams Approach - Risk Reduction
for Dam B:

— Ability to pass at least a 500,000-yr rain-on-snow
flood would reduce risks to acceptable levels and
so this flood was identified as the IDF.

— Both non-structural and structural alternatives
were evaluated. The recommended alternative
cost estimate was $45,000,000 and include

o 20-ft dam raise. '

Replace existing




Most complicated example

* Individual Dams Approach- Risk Reduction
for Dam B (cont’d):

— Incremental consequences for both Dam A and
Dam B remained unchanged from the
consequences associated w/ the existing
conditions.

— Overtopping fragility curves developed for Da
were unchanged but revised for Dam B m




Most complicated example

* Individual Dams Approach - Risk Reduction
for Dam B (cont’d):

— Although risk reduction can be achieved via the
proposed alternative, costs were considered very
significant (due primarily to relocating/modifying

existing infrastructure).

—To determlne If there was a more cost- '




Most complicated example

« Dam System - Hydrology:

— Seasonal frequency floods
and PMFs were developed
for both dams (rain-on-snow
controls).

— Breach floods were
developed as part of a fully
dynamic hydraulic model



Most complicated example

wwwwwwwww
=3 o S =3 =4 S e S =3
ooooooooo
aaaaaaaaa

« Dam System - Flood Routings:
— Flood routings through both dams. & ]

e Frequency flood routings through Dam i
A over arange of starting RWSs were
performed.

» Operation flood (Dam A releases +
intervening flows w/o Dam A failing)
and breach hydrograph routed d/s to

Dam B, then through Darr

ange of starting RWSs

2 =
>353%
@ =)




Most complicated example

« Dam System - Consequences:

— Incremental consequences varied from the
Individual dams evaluations for Dam A and
Dam B.

— Changes resulted from outcome associated with
Dam A failing and Dam B not failing and due tc
the multiple-peak hydrographs.

— Incremental conseaq




Most complicated example

« Dam Systems - Existing (baseline) RA:

— Overtopping fragility curves developed for the
Individual dams evaluation were used for the
system evaluation.

— Overtopping PFM event tree was developed for
dam system, which included initial RWS ranges,
flood loading ranges, and conditional breach
probabilities based on fragility curves.

 For Dam System: AFP =6.87E-5, ALL =4
, - o) Adjusted system
Individual dam
estimates

e For Dam A: AFP =



Most complicated example

« Dam Systems - Risk Reduction Dam A-B:

— Three dam system structural modifications were
considered, including (reported risks are for the
entire system).

 Modify Dam B only. — Same modification as noted for the
individual dams evaluation. Summary includes:
$45,000,000 cost, AFP = 7.36E-6, and ALL =4.71E-4.

 Modify Dam A only. — 8-ft dam raise and increasec
releases through existing controlled (top-seal
gate)splllway Summary i mcludes $28,0




Most complicated

 Adjusted individual dam
risks and system risks are
summarized in the
following table.

Conditions | Single Dams (Adjusted for system) System — Dam A-B
Dam A Dam B |

AFP ALL AFP ALL

Existing 7.86E-7 | 7.85E-5 | 6.82E-5 | 4.09E-3
7.67E-7 6.59E-€ 4




Most complicated
example

1.E-01

« Dam Systems
Risk Reduction
— Adjusted individual
dam and dam
system risks (pre-
and post-mod) as

Mo

depicted in the
Reclamation f-

1.E06

f, Annualized Failure Probability (AFP)

1.E407

Hydrologic (overtopping) PFMs: Dam System Risks
vs. Single Dam Risks

Motes: Comparison of single dams and dam system overtopping PFM risks involving 2 dams on the same river.
Dam Ais UMS of Dam B. Existing conditions (BLACK) are compared and contrasted to multiple alternatives

including modified Dam B w/ existing Dam A (ELUE); modifed Dam A w/ existing Dam B (RED); and modified
Dam A & Re-operation w/ existing Dam B (GREEN).

—a— Single: Existing Dam A

—&— Single: ExistingDam B

—&— Single: Existing Dam A(
wi Modified Dam B)

—#— Single: Modified Dam B
(wi Existing Dam A)

Existin(

X

%J%dlfled

\&

\l\/l(!’dlfled Dam A+

g Conditions

—m— Single: Modified Dam A
(wi Existing Dam B}

—a— Single: ExistingDam B
(w/ Modified Dam A)

Dam B

—a— Single: Modified Dam A+
Re-operations (w/
Existing Dam B}

—&— Single: ExistingDam B
(wi Modified Dam A+
Re-operations)

aified Dam A

—B— System: Existing Dam A-
Existing Dam B

—&— System: Existing Dam A-
Modified Dam B

TN OF TR 7
” 1.E-08

—&— System: Modified Dam A
- Existing Dam B

—&— System: Modified Dam A
+Re-operations -

| Existing Dam B

(<BeSs)

ST o~

1000

100

N, Estimated Life Loss



Most complicated example

e Conclusions:

 Modify Dam B only option — very expensive system fix,
and so was not pursued.

 Modify Dam A only option — least cost system fix, but
transfers some risk downstream to Dam B due to
increased Dam A discharges. This alternative was not
pursed.

 Modify Dam A only with re-operation — althc
more expensive than the “modify Dam A

alternative, consi
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