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B What accidents could occur and how likely are they during
deep-borehole emplacement of waste packages?

B Primary steps/aspects of hazard/risk
analysis:

1. Hazard identification and event sequence
construction (what can happen? — “causes”)

2. Frequency/probability analysis (how likely is it to
happen?)

3. Consequence analysis (what are the
consequences if it happens?)

4. Risk calculation (how bad is it? — product of
frequency and consequence)

5. Decision analysis (how should we proceed in
light of the risk?)

June 10, 2015 3
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B Cause = Event = Consequence

B Prevention & Mitigation = Safety Functions/Barriers in the

Threat 3

Design
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B Key Consequence/Risk Assumption for DBEMHA for now:

— Only one accident “end state” = “loss of control” of waste package (or
waste package string)

— Eliminates need to compute personnel (e.g., injury or fatality) risk or
technical risks (e.g., environmental impact or material damage)

* Burtonshaw-Gunn, S. A. 2009. Risk and Financial Management in Construction, Fig. 3-8,
June 10, 2015 ISBN 978-0-5660-8897-1, Ashgate, also Gower at www.gpmfirst.com
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Risk/Hazard Analysis Techniques

B After Matanovic et al. 2014, Risk Analysis for Prevention of
Hazardous Situations in Petroleum and Natural Gas Engineering

Hazard and Risk Analysis Techniques
Qualitative Methods Quantitative Methods

June 10, 2015
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— Checkiist Analysis |

—[ What-If Analysis
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Task Analysis
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Safety Audits |
|

[ |Event Plotting (STEP)

Sequential Timed

Hazard and
Operability Study
(HAZOF)

Preliminary Hazard
Analysis (PHA)
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Relative Ranking
Techniques (DOW
and MOND Hazard

Indices)
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Proportional Risk
Assessment Technique
(PRAT)

Hybrid Methods

Decision Matrix Risk
Assessment (DMRA)

\

-~

Human Error Analysis

Techniques (HEAT) or

Human Factor Event
Analysis (HFEA)

0

Quantitative risk
measures of societal
risk

Fault Tree Analysis
(FTA)

Quantitative Risk
Assessment (QRA)

Event Tree Analysis
(ETA)

Quantitative
Assessment of Domino
Scenarios (QADS)

Risk-Based
Maintenance (REM)

Clinical Risk and Error
Analysis (CREA)

Predictive, Epistemic
Approach (PEA)

Weighted Risk Analysis
(WRA)

Failure Mode and
Effects Analysis (FMEA)

Cause Consequence
Analysis (CCA)
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Criteria for Choosing Hazard Evaluation Method
for a Nuclear Hazard Category 2 Facility*

m After DOE 1997. DOE Standard: Hazard Categorization and Accident Analysis
Techniques for Compliance with DOE Order 5480.23, Nuclear Safety Analysis
Reports. DOE-STD-1027-92, Change Notice No. 1, September 1997:

Type/Complexity
of Facility

Facility or System Description

Recommended HE Method

Low-Complexity

Little or no processing of materials takes place;
e.g., waste storage, vaults, tanks, cylinders, canisters.

Checklist Analysis or other simple “Hazard Analysis” that
includes the following information:

Hazardous Material Quantity, Form, and Location
Energy Sources and Potential Initiating Events
Preventive Features

L]
L]
L]
o Mitigative Features

Single-Failure
Electro-
Mechanical
Systems

Relatively simple electrical and mechanical devices in which a single-failure
mechanism causes a release of materials.

e.g., Simple one-step processes, single glove box operations, and small
furnaces are example of such devices

Failure Modes and Effects Analysis (FMEA):

“FMEA is not very efficient for large-scale systems
analysis because...it examines and documents the
effects of component failures having little, if any,
relevance to system failure or potential release.”

Systems with

An undesired event could be uncontrolled release of hazardous material

Redundant from a facility or core damage in a reactor....For each initiating event,
Barriers or various systems or barriers designed to prevent or to mitigate the progress | Event Tree Analysis (ETA)
Requiring Multiple of the accident are identified

Failures e e.g., fire scenarios or seismic events.
M Ldarget, | e |s most suitable for analysis of large, moderately complex systems or

CO era\l ely processes where multiple component failures including human errors can Fault Tree Analysis (FTA)
Pr(())(r:;z:é(s contribute to the failure of the system or process.

e Complex fluid processes involve arrays of piping, tanks, and instrumentation
) and control systems. Hazard and Operability Studies (HAZOP):
Complex Fluid . . . . . .

Processes e Examples of these processes include PUREX, chemical separations, e HAZOP is a standard and widespread technique used

isotope separations (e.g., uranium enrichment), and petrochemical
processing

for the analysis of chemical flow processes

High Complexity
Facilities

Highly complex facilities include multi-component transfer and control
systems for which extensive instrumentation and control systems are
needed. Extensive redundancy at the component, system, and safety level

Processes generally cannot be completely controlled through manual
actions because the interactions between systems are too intricate for an
operator to interpret in the time required for action. Thus, processes are
generally characterized by large-scale monitoring and automatic control
systems.

Integrated Event Tree and Fault Tree Techniques
(ETs/FTs):

¢ The specification of the use of these techniques is due
to the complex system interdependencies found in
such facilities. Connecting of the initiating event and
ET and FT models in a structured fashion is a proven
technique capable of handling, in an efficient and
comprehensive fashion, the very complex nature of the
system designs, interactions, and dependencies

June 10, 2015

* Definition = potential for significant on-site consequences
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B Five major steps in an event tree analysis (e.g., after Rousand
and Hoyland 2004; CCPS 1992), an inductive technique:

1. ldentification of an iniﬁating event Example event tree based on an initiating event (dust
(hazard) causing the accident or failure explosion) followed by subsequent events, including those
of concern assogiated with success/failure of safety/mitigation

functions:

2. |dentification of the safety functions (1) fire may or may not break out; (2) a sprinkler system

and (3) an alarm system have been installed, which may or

/barriers/actions/procedures, designed may not function.

to mitigate the initiating event—a failure

1 1 o 1 ” - Sprinkler .
‘(‘)flwl‘llcll"’l resultts in an “intermediate” or G | gt o e sysiom dos Fire 2 s | Guomes | Foauency
pivotal” even not function
. Uncontrolled
Construction of the event tree _DT_L%_M withno  8.0.10%
True : alarm
Description of the resulting accident 0.01 False  Unconrolied
— p 7910%
event Sequences Tie 0.999 fire with alarm 1
. . — 0.80 i
5. Calculation of frequencies/probabilities: OT;';‘: Conrolied ffe 5910
frequency of initiating event x __Explosion_| Foee '
102 per year 0.99 False  Controlled fire

probability of each intermediate event = o9 wihalarm 79107
frequency of end state(s)

False
0.20

No firg 2.0.10°

Rausand, M. and A. Hoyland 2004. System Reliabiltiy Theory: Models,
Statistical Methods, and Applications, Second Edition, John Wiley &

June 10, 2015 Sons, Inc., Hoboken, NJ. 7
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Combined ETA/FTA for YMP PCSA*

B Preclosure Safety Analysis (PCSA) for Yucca Mountain used
combined ETA and FTA:

— Each “pivotal” (i.e., intermediate event) in the PCSA event sequences was
decomposed using a fault tree approach to define its probability of occurrence

— Multiple end states were defined for the PCSA (in contrast to the single end state
currently being used for DBEMHA)

Event Sequences
for transfer of a
TAD canister by a
Canister Transfer
Machine (CTM)

Figure 1.7-5.  System-Response Event Tree for Activities Associated with the Transfer of a TAD Canister by a Canister Transfer Machine in a Canister

Safety barriers/intermediate events —»

Canister
Containment
Remains Intact

Shielding
Remaing
Intact

HVAC
Confinement
Maintain

Moderator
Prevented from
Entering Canister

INIT-EVENT CANISTER

SHIELDING

CONFINEMENT

MODERATOR

END-STATE-NAMES

RESPONSE-CANISTER 1

OK

DE-SHIELD-LOSS

RR-FILTERED

RR-FILTERED-ITC

RR-UNFILTERED

RR-UNFILTERED-ITC

Receipt and Closure Facility

NOTE: DE = direct exposure; INIT = initiating; ITC = important to criticality; RR = radioactive release.

June 10, 2015  DOE (U.S. Department of Energy) 2008. Yucca Mountain Repository License Application Safety Analysis Report. DOE/RW-0573, Revision 1.

00249DC_LA 2678b.ai

—

End states

. OK
. Direct exposure, shielding loss
. Radionuclide release, filtered by HVAC

. Radionuclide release, filtered by HVAC,

also important to criticality

. Radionuclide release, unfiltered by

HVAC

. Radionuclide release, unfiltered by

HVAC, also important to criticality
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B Five major steps in an fault tree analysis (e.g., after Rousand and
Hoyland 2004), a deductive technique:

Definition of the problem and the boundary conditions, including definition of “top event”

2. Construction of the fault tree, backwards from “immediate cause events” (just below top
event) to a level of “basic events” or causes

LEGEND
|
. . - “ " - = Undeveloped Event — event for
3 . |dentIfICatIOn Of m I n | mal CUt SetS %ﬁﬂ:‘:‘g?p‘m <> which specific failure data are
Gate Causes Drop unavailable, and, therefore,
. . . generic data are applied
4. Qualitative analysis of the fault tree [ .
O = Basic Event — lowest level event
. . . GATEI-%-BU in the fault tree that has event
5. Quantitative analysis of the fault tree | | failure data
Collision with Collisions with A = Transfer Gate — Iink_ing to another
L “ N . i Port Gate Slide Gate fault tree. A number in a transfer
*Minimal “cut set” = smallest combination Causes Drop Cause Drop gate refers to a sheet number in
. . . this figure.
of basic events (component failures) which, Q A g
if th i ist Si It | ill Q = “OR" Gate — produces a
IT tney all occur or exist simuitaneousiy, wi GATEi36—61 GATE-36-7 successful outcome if any of the
cause the top event to occur inputs are successful
Failure of Weight = "AND" Gate — produces a
Port Gat lure
Spur?ous Close g";'{ogoﬁ‘gl‘;{ O successful outcome if all of the
inputs are successful
One type of failure and Q 060-CTM-XXXXX = Basic Event Identifier
underlying causes for GATE-36-109 GATE-36-23.3 502480C LA 26870 3l
Canister Transfer Machine | | |
(CTM) operations CTM Haldin CTM Holding CTM Holst Motor CTM Load Cell CTM Load Cell
Brake Failurg Brake Failure Control Interlock Limit Switch Pressure Sensor
on Demand Failure on Demand Failure on Demand Fails on Demand
3.520E-5 1.480E-8 2.750E-5 2.930E-4 3990E-3
060-CTM—HOLDBRK-BRK-FOH D60-CTM—HOLDBRK-ERK-FOD 060-CTM—IMEC125-IEL-FOD 060-CTM—WTSW125-25—FOD 060-CTM—WT0125—SRP-FOD
00249DC_LA_2888c. ai
Figure 1.7-8. Example of Fault Tree of the Preclosure Safety Analysis (Sheet 9 of 12)
June ]_O, 2015 NOTE: CTM - canister transfer machine. DOE (U.S. Department of Energy) 2008. Yucca Mountain Repository License Application 9

Safety Analysis Report. DOE/RW-0573, Revision 1.
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B Easily combines human and equipment failure (both of which
are expected to be possible in DBH emplacement)

B Can be used to derive the probability of complex intermediate
events in an event sequence

B Software easily available

B Weakness of fault trees for DBMEHA?.... databases of frequencies
and basic event probabilities?

LEGEND

CTM Drop Fault <> = Undeveloped Event — event for
Tree which specific failure data are

unavailable, and, therefore,
generic data are applied

O = Basic Event — lowest level event
in the fault tree that has event
failure data

CTM-DROP-ALL-HEIGHTS 2\ = Transfer Gate — linking to another
fault tree. A number in a transfer

Human | I | EguiEment ?hai;eﬁ;flfs o a sheet number in

Q = "OR" Gate — produces a
successful outcome if any of the
Failures Involving Electro-Mechanical inputs are successful
Human Events Failures

D = "AND" Gate — produces a
successful outcome if all of the

inputs are successful
0B0-CTM-XXXXX = Basic Event Identifier

00249DC_LA_2681b.ai
GATE-36-58 GATE-36-59

Figure 1.7-8. Example of Fault Tree of the Preclosure Safety Analysis (Sheet 1 of 12)

NOTE: CTM = canister transfer machine.

June 10, 2015 Source: BSC 2008 [DIRS 180095, Attachment B, Section B4.4.1.8.
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Potential Hazardous Events for

Wireline Emplacement

Event Identifier Description of Potgnhal Hazardous Event Risk Mitigation Measures, Assumptions, and Other Notes S(;reemng decision
(based on sequential emplacement steps) (include/exclude)
Top event Loss of control of waste package include
Immediate-cause |\ ojine preaks include
event
Immediate-cause Cable head releases accidentally include
event
Immediate-cause i § .
event Waste package “sticks” in BOP include
Imme:?:re‘;cause Waste package sticks in guidance casing or hanger on trip in include
Imme:?:re‘;cause }/:i?Ste package falls out of shipping cask to TD; all safety doors/rams Risk mitigation measure: Cask/wellhead-safety-door/blind-ram interlock system include
Aggregate favent Inadvertent closure of a safety door or ram include
(not basic)
Prior to attachment of cable head, the operator mistakenly opens the Risk mitigation measure: Door/ram/wireline hoist interlock system, including a “deadman”
Basic event lower door on the shipping cask instead of the upper one, dropping lock out (loss of power or inadvertent energization). This event is not considered to be “loss exclude
package onto the “safety door” in the wellhead below of control”.
. . i itigati : i ing i i
] Upper cask door closes accidentally after cable head is attached but Risk mitigation measure: A restraint to prev?nt upper door (y:ylosmg is sgt prior to cable head
Basic event : o attachment. Furthermore, the package has “no where to go” at this point, so no loss of exclude
while lower cask door is still closed. control
Cable head pulls loose, dropping the package on the lower cask door, . I — .
Basic event because operator accidentally tried to spool the cable upward beyond Risk mitigation assumption: Such a drop within the cask would be small and not cause exclude
S ) damage to the package, the cask, or the lower door.
the range-limiting pin
Basic event Lower cask door closes inadvertently on the wireline include
Basic event Lower cask door closes inadvertently on the waste package Risk mitigation assumption: Waste package is strong enough to be structurally unaffected. exclude
Basic event Upper cask door closes inadvertently on the wireline include
Basic event Wellhead safety door closes inadvertently on the wireline include
Basic event Wellhead safety door closes inadvertently on the waste package Risk mitigation assumption: Waste package is strong enough to be structurally unaffected. exclude
Basic event BOP closes inadvertently on the wireline include
Basic event BOP (blind ram) closes inadvertently on the waste package Risk mitigation assumption: Waste package is strong enough to be structurally unaffected. exclude
Basic event Bird cage of wireline Risk mitigation measure: Automated speed and tension control on wireline winch include
Basic event Wireline fatigue failure Risk mitigation measure: Schlumberger TuffLINE cable include
Basic event Wireline winch failure include
Basic human Operator spools waste package “past TD” or “past previous waste Risk mitigation measure: Procedural and software controls; “crush box” on bottom of waste include
event package” package
Bas:“t;:tman Operator pushes cable head release button prematurely include
. Electrical-mechanical fail-safe in cable head malfunctions and .
Basic event include
releases waste package early
Basic event E::g::ged narrowing of guidance or tieback casing or associated Risk mitigation measure: Caliper log run prior to waste package emplacement trip include
Basic event Lightning strike Risk mitigation measure: Procedural: no operations during threats of severe weather include
Basic event Site-wide power failure Risk mitigation measure: UPS battery backup include
Basic event Cable head fails to release while package is at TD May not result in a loss of control exclude
Basic event Cable head releases on trip out with waste package still attached, Requires a joint underlying event with a very low probability, i.e., cable head failed to actuate ol
releasing package to free fall to the bottom at TD and tension guage does not indicate this extra weight on the trip out

June 10, 2015
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Preliminary, Simplified Fault Tree
for Wireline Emplacement

B Generated with demo version of CAFTA (from EPRI):

B Future fault trees to be generated with SAPHIRE v.8.x.x

LOSS OF CONTROL OF
WASTE PACKAGE

WIRELINE BREAKS

CABLE HEAD RELEASES
ACCIDENTALLY

WASTE PACKAGE
STICKS IN BOP

WASTE PACKAGE
STICKS IN GUIDANCE
CASING OR HANGER

FREE FALL OF WASTE
PACKAGE TO TD

WEMO002D]

WEMO002E

SPOOLING TOO FAST
CAUSES BIRD CAGE

INADVERTENT CLOSURE
OF A SAFETY DOOR

WIRELINE FATIGUE
FAILURE

ELECTRICAL-MECHANI
AL FAIL-SAFE IN CABLE
HEAD MALFUNCTIONS

WINCH OPERATOR HITS
THE WRONG BUTTON

EVENT X1

EVENT X4

UNDETECTED
NARROWING OF
GUIDANCE CASING OR
HANGER

WELLHEAD SAFETY
DOOR AND LOWER CASK
DOOR SIMULTANEOUS
OPEN

WEMO03A1
. 1.10E-02

WEMO03A3
. 2.00E-03

UPPER SHIPPING CASE
DOOR CLOSES
ACCIDENTALLY

WELLHEAD SAFETY
DOOR CLOSES
INADVERTENTLY

BOP CLOSES
INADVERTENTLY

WEMO003B1
. 1.10E-02

WEMO038B3
. 2.00E-03

EVENT Y1

WEMO03C1
. 1.10E-02

WEMO003C4
. 2.00E-03

EVENT X2

EVENT X3

. 2.40E-03

. 2.40E-03

INTERLOCK SYSTEM

FAILS BECAUSE OF

INTERNAL BATTERY
FAILURE

POWER GOES OUT TO
SITE

June 10, 2015

WEMO003C3
. 2.00E-04
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Dispositon Frequency and Failure Probabilities

B Most databases are commercial ($$9$)

B Component failure event databases, e.g.,
— GIDEP (Government Industry Data Exchange Program) in the U.S. (free)
B Accident and incident databases, e.g.,

— MARS (Major Accident Reporting System), supported by the E.U.
— PSID (Process Safety Incident Database), by AIChE
— WOAD (World Offshore Accident Databank), by DNV (Det Norske Veritas)

— BLOWOUT, the SINTEF offshore blowout database (maintained by the Foundation
for Scientific and Industrial Research in Trondheim, Norway)

— QOil and Gas UK (co-sponsored by HSE, the UK Health and Safety Executive)
B Component reliability databases, e.g.,

— OREDA (Offshore Reliability Database), by DNV

— RADS (Reliability and Availability Data System), by the U.S. NRC

— NPRD (Nonelectronic Parts Reliability Database), by RAIC, a DoD center

— PERD (Process Equipment Reliability Database), by AIChE
B Common cause failure databases

— CCFDB (Common-Cause Failure Database), by the U.S. NRC

June 10, 2015 13



Ilzljzld Example Statistics from Oil and Gas

Disposition UK, April 2009

B Accident Statistics for Offshore Units on the UK Continental
Shelf, 1990-2007, co-sponsored by the UK HSE

Falling loads or objects being hoisted / lifted;
Floating and Fixed units;
UKCS; 1990-2007

0.8000
_ 07000
o m 1990-1999
> 0.6000 m 2000
= 0 2001
; 0.5000 02002
o 0.4000 +— m 2003
3 @ 2004
E 0.3000 m 2005
5 o 2006
§ 0.2000 +— = 2007
* 0.1000 1

0.0000 .

Production Non-Production
Type of fixed unit

June 10, 2015
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B Generate a more detailed wireline fault tree with
SAPHIRE

B Generate a fault tree for drillstring emplacement

B Determine available accident frequencies and failure
probabilities that might be applicable to either wireline or
drillstring emplacement operations

B Convene an expert panel to review fault trees, accident
frequencies, failure probabilities, and overall
methodology

June 10, 2015

15



