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Tree based Methods
to model scenarios of dam failure

Laurent Peyras (INRAE) and Guillaume Groell (ISL)
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Principles et steps of a Risk Analysis Study

© Modeling the failure scenarios
— Connexion of the failure modes

Ingénierie



Tree based Methods in Risk Analysis

3 methods to model scenarios and to connect failure modes
ETA: Event Tree Analysis Method
FTA: Fault Tree Analysis Method
BTA: Bow Tie Analysis Method

Methods with common points

Need to perform a failure modes method before, as PRA or FMEA/FMECA
methods

ETA/FTA/BTA consist to connect "elements" (failures, events, causes,
consequences ...) in a tree based method to model a scenario
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Event Tree Analysis - Principles

Inductive process of chaining failure modes
Assume an initial failure mode: the Initial Event

ETA implemented after implemented Functional Analysis and FMEA

NN

A scenario is determined by considering a chain of failure modes issued
from FMEA method

Initial Failure Mode 1 Failure Mode 2 Failure Mode 3
Event

Failure

!

Succes
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Event Tree Analysis - Principles

a o'
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o e Example: Operation of closing gates of a dam

Operation of

closing the guard

gate Water release during
10 min

Initial Event
Collapse of the
Botton Gate

Emptying of the all
reservoir

Failure of
the operation

INRAZ of closing
|>@L the guard gate

Ingénierie

Success

Faillure
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Event Tree Analysis Method - Example

Example : Scenario of increase of pore pressure in the core or in the

foundation - Clogging of the filter

Initial Event

Drain and Filter
component: To
Drain the leakage
coming from the
core

Core,
Downstream
Shoulder,
Foundation:
Resist
mecanical
stress

Hydraulic

Clogging of the
Downstream Drain
and Filter system

Safety
barrier:
monitoring
system

Sliding of the
core or of the
downstream
shoulder or of
the foundation

IN RA@ Action
ISL

success Failure

succe failure
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Event Tree Analysis Method - Example

» To model complex scenarios with many failure modes
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Assessment of the probabilities with ETA

Principles:
Agregation of the elementary probabilities and evaluation of the global
probability for the scenario/ETA
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Event Tree Analysis Method - Synthesis

e Method to model, from an Initial Event, the sequence of failure modes
that may lead to a potential accident

e To provide Event Tree Analysis Method, it requires a good analysis quality for
Functional Analysis and FMEA

e Method ensuring completeness of scenarios and their failure modes
e Method well suited to an quantitative/probabilistic risk analysis

e The method can be complex to implement if there are many scenarios ... and
SO many Event Trees
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Fault Tree Analysis Method - Principles

Deductive approach of chaining failure modes

Determine the Final Event (Potential Accident) with a Preliminary Risk
Analysis (PRA)

Determine the chain of failure modes leading to the Final Event
(collapse / limit-state)

The Fault Tree Analysis Method used after a Preliminary Risk Analysis to
search for causes and the intermediate events

N N NN

* Using an expert group to build up the Fault Trees
e Supported by feedback and expertise
* Questions asked to the expert group:

What did it take for? Are there other causes?

e Stopping the construction of the Fault Tree when the causes are no longer linked
to the system

comité francais
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To
implement
Fault Tree

Starting Point:
Final Event

l

Look for the causes of
the Final Event

Analysis

Definition of the first Intermediate
Events (links with logical gates)

Method

l

All Intermediate Events are they
linked to the system?

NO

/

YES

Research the causes for each
Intermediate Event

INRASZ

Definition of the other Intermediate
Events (links with logical gates)

ISL

V

End of the development of the Fault
Tree
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Fault Tree Analysis Method — Logical gates

Symbol Function Description

Output Event occurs if all

e . , Input Events occur
_ GATE “AND together

Output Event occurs if

—_— only one
—_— GATE “OR” b Input Event occurs
INRAY C
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Example

Fault Tree
Analysis
Method
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MEL

Continued on
another sheet

Emergency generator
fails to start

Fault in start-up signal
for diesel generator

Fault in
transmission
of signal

Fault in
sending the
signal

Fault in
reception of
of signal

Fault in diesel

generator
Euel suppl Mechanical
PPl fault in diesel
problem
generator

Blocked

fuel
intake
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Barriéres - niveau de confiance NC Evénements initiaux : échellede probahilité
- Crue > Q110000 N i U, : 2
10 <PFD N1 & 17 : Barriéres de sécurité Evénement courant 10 <P
. 3 =)
1 1w’ =pFo<10" 2 |Evenement probable 10" =P<10
- - 2 3
2 |10 <pPFD <107 3 |Evenement improbable 107 =P <10
3 |10° <pFD <10 Evénement trés improbable 10°<p<10”
.PFD <10° Evénement possible mais extrémement peu probable|P < 10”7
PFD : probabilité dedéfaillance & la sollicitation Crue de projet ﬁ
Niveau anormal de la
- retenue
Obstruction du seuil
déversant
\ Erosion externe |
e ST [ création d'une bréche
> parement aval cinétique rapide
T

‘Obstruction par des A
corps flottants |
20—

Obstruction du

|

coursier

rentiel

Tassement di
contre ouvrage

traversant (galerie,
évacuateur de crues

Crue de projet

I
?

Q100 < crue < Q1000

e
910
Perméabilité élevée du ~
Obstruction des exutoires des P IEX

chambres de
caniveaux
Quverture des joints entre
éléments bétons des —
—

et
7
ouvrages traversants
7
-

Altération des bétons de la

Surverse en pied de
parement aval

Piézométrie
anormalement élevée
dans le remblai

Passage préférentiel
d'eau dans le remblai /
vides / désorganisation

du remblai

Sous-pressions

Séisme
galerie
Séisme -
anormales dans le
Perméabilité élevée de la terrain de fondation
fondation 23 cinétigue lente
Sous-pressions
o Fissuration du terrain de anormales dans le
Séisme >
fondation P terrain de fondation
cinétique rapide

?

Erosion interne / renard,
boulance, surfusion,
cinétigue rapide et lente

Basculement /
glissement du barrage
sur sa fondation

Evénement Redouté
Central N*1 :
Rupture totale

progressive du barrage
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Assessment of the probabilities )
with FTA d

‘ E5
10°

|
N - Simplification of the

Q Q FTA et evaluation of

@ = @ v the probabilities
i

"\!RA@ Main limits of the quantitative assessment of probabilities:
IbL = the exhaustiveness and independence of events
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Fault Tree Analysis Method - Synthesis

Simple to implement and intuitive: requires a simple Functional Analysis and an
PRA to determine the Final Event of the Fault Tree

Need the search for the causes of the final event with expertise
Be understood easily by those who are not risk analysis specialists

The search for causes does not guarantied the completeness of failures. So the
Fault Tree Analysis Method must rely on a strong expertise

Pay attention to the independence of the events in the FTA, not guaranteed by the
method

FTA poorly suits to quantitative/probabilistic analysis
=» FTA suits to semi-quantitative analysis




Bow Tie Analysis Method - Principles

v Tree based method, widely used in French practices
¥ Combination of FTA et ETA, around a Central Feared Event (CFE)

¥ To model the scenarios around the CFE, by examining:
M The causes with a FTA
M The consequences with a ETA

\\\\\\\\\\
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Bow Tie Analysis Method - Principles

Legend
[E#i: Initial Event #i

[En: Intermediate Event n

SE: Secondary Event

CFE: Central Feared Event

DPh: dangerous Phenomenon

DPh 1

IE
]ﬁ IE1
IE
-
IE
L
IE
IE
}_} IE2

DPh 2

CFE |_|| |
—
)

DPh 3

SE

Safety Barriers or Risk Control

Measure (RCM)
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Bow Tie Analysis Method - Synthesis

e Combinations of events leading to an CFE by a FTA

e Requires a simple Functional Analysis and an PRA to determine the CFE
of the Fault Tree

e The Dangerous Phenomenon resulting from CFE in Bow Tie Analyse
are simple (most of the time):
* The formation of a dam break flood wave
* The formation of flood wave due to a failure gate

I @L I"' Y rancais
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Bow Tie Analysis Method — Example 1

(1) Prevention barriers
Faulty
repair (1) Intervention by c‘ertrfuec? su.pplfe'r and Reception Test
(2) State control during periodic visits
(3) Annual test
(4) Post-earthquake inspection
(5) Protective grid positioned upstream of the gate
Mechanical
failure
Important
vibrations
[ Axle wear
External
agression
comité francais
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Bow Tie Analysis Method — Example 2

Initiating Event SABIEm EF [P ETiing]

) Undesired
barriers

Central Event Effect S everity

Befween 7 and
70 persons
_ _ —  Overflow of 550 m'fs (= e lali=10)
happropide action Hownstresm
UCE 3
FL=C Unintentional
Openingof spillway ANE|
radial gate (during
rEIE rEIT Ba flood or test)
Failure of power circuit . T I:}'L 1 FES? E:ECVTES?_lﬂlf | Mo Listreanm
= = = reseryoir level until leve
ConseduUence
FL=D PL=D a06,60 mMGF “
Automaic contral system FIE FIT I,EIB
default ' ' !
cL=1 CcL=1 cL=1 B6 : Lokking system and « too long time = operation
FL=D

BT : Human action by acting an the emergency stop hutton {opening of the caontral circuit —
possible from 3 control points by two human agents on dam site during flood

B8 : Human action by cutting the power circuit of the dam (at powerplant, the human agent
can cut general dam electrical power supply; if the human agent is in the crest gallery or
spillway platform, he can cut the power supply of each gate in the individual gate caontrol case
inthe gallery). 2 human agent are on dam site during flood

YWhen naot during trial test or flood period, the gate is confined and electrically unplugged. It |
can not open without eneroy |

INRASZ

I '\Wl Undesired Central Event 3 - Unintentional Opening of spillway radial f;j”’"“;f::lﬂwfs
des barrages
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Bow Tie Analysis Method — Example 3

Initial Events Central Feared Dangerous Phenomenon
Event
A
IEcl
Crverflowr
B

A A\ A+A+A =B CFE-01 Flood wave Pogk fl
Q i} propagatian 2::0 03\';
Dam Failure (Em ergency plan) msre

nternal erosion

Central Feared Event 01
Dam Failure

) A comité francais
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Bow Tie Analysis Method — Example 4

|[E55:

Lass of watertisht of the
upstream bank

A
|[E=G:

Clogging of the drainage system

I[Es 7:
Lossof watertisht of the Brout
curtain

L

Rising of
piezom etric level or
leakage

DxB=A

nternal erosion

= Preventive reservoir level
lovrering

n

mité francais
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Event Tree Analysis Method — Example 1

Scenario of spillway breach by uplift pressures

Drainage

Starting event: Watertighness capacity under wl\gio?‘:il;lf)aflilﬁe
flood of the chute the slabs / g
walls slabs / walls

<Q100 ans

Oroville dam spillway, 2017

Dynamic

(0,99)

Uplift of a
concrete stud

Nomlnal

pressures too
low

Low uplift

in the spillway
chute

(0 9)

Nomlnal

pressures

Uplift pressure

(0 9)

>Q100 ans
(0,01)

Nommal

0 99)
Failure
(0,1)

Fallure

001

Failure
(0,1)

released by
drainage

Stability
ensured by
weight

Breach (10-6)
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Event Tree Analysis Method — Example 1

Scenario of spillway breach by uplift pressures

Flow 4|:'>

Starting event:
flood

v
I>®L el réservoirs
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Event Tree Analysis Method — Example 1

Scenario of spillway breach by uplift pressures

Flow — >

Starting event: Watertighness
flood of the chute Joints ?

<Q100 ans
(0,99)

Uplift of a

concrete stud Nominal
in the spillway (0,9)
chute

>Q100 ans
(0,01)

Failure
(0,1)

L A comité francais
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£l réservoirs

Ingénierie



Event Tree Analysis Method — Example 1

Scenario of spillway breach by uplift pressures

Flow — >

Drainage
Starting event: Watertighness capacity under
flood of the chute the slabs / Drainage )
walls '
High pressure zone

Uplift force

<Q100 ans
(0,99)
Uplift of a
concrete stud Nominal
in the spillway (0,9)
chute
>Q100 ans
(0,01)

Failure
(0,1)

Failure
(0,1)

L A comité francais
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Event Tree Analysis Method — Example 1

Scenario of spillway breach by uplift pressures

- | Weight

Flow 4|:'>

Drainage Mobilizable
Starting event: Watertighness capacity under weight of the
flood of the chute thtzvs;ﬂzs/ Al fel s ngh pressure zone

Dynamic
<Q100 ans
ressures too
(0,99) i low
Nominal Low uplift
(0,9) pressures
>Q100 ans
(0,01)

Uplift of a
concrete stud

in the spillway
chute

Nominal Uplift pressure

(0,9) released by

: drainage

Failure -

(0,1) Nominal Stability
’ (0,99) ensured by

Failure ‘ weight

(0,1)

Failure
(0,01)

Breach (10-6)

Uplift force

comité francais
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Event Tree Analysis Method — Example 2

Scenario of breach following slip-surface instability of an embankment dam

Breach by overtopping

3 Core impacted
Starting event: s:?Ostﬁ?fg%Ie by slipsurface ?
flood psurta (if yes -> gradient
mechanism increase)

Slipsurface leads
to overtopping

Breach
FS=2 / P<<10-4 P<<10-5

e floods risk of instability but not necessary breach
_ Core not
(P=0.,1) . _ impacted
Slipsurface in the

Breach folowing
slip-surface
instability

! (P=0,9)
downstream fill
FS=1.7 /| P<<10-
Core impacted Breach
(P=0,1) P<<10-6
Breach
P<<10-7

Slipsurface leads
to overtopping

FS=1.9/P<<10- High risk of breach following gradient increase

4
Exceptionnal .
Touie F— in the core
(P=0,0002) impacted

Slipsurface in the
downstream fill
FS=1,7 / P<<10-

7O

' (P=0,4)
Core impacted Breach
(GEK)) P<<10-7
comité francais
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Event Tree Analysis Method — Example 3

Scenario breach by pipe enlargement following concentrated leak in an
embankment dam

COLLAPSE OF PIPE LEADING
TO LOSS OF FREEBOARD

ISL

Ingénierie

Starting
event: flood
(flood Initiation
retention
dam)

Frequent flood
(0,9)
Pipe
enlargement

Pathway X B ans

exceptional
floods

0.1

Continuation
non-filtration

Progression
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