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(a = tCLAD
ALWAYS)

PVR & HC
Aspect
Ratio
Model

E.J.
Truncation

Model (tCLAD)

Circ. Orient.
Model
(Obs.)

Distribution of Surface Flaws
in Plates& Welds x Clad

Area

Flaw Location
in Vessel Wall, x’

Flaw Depth, a

Flaw Aspect
Ratio, 2c/a

Flaw Density, ρ

STOP

NO

YES
Is

Location > 
3/8T from ID?

# of
Layers?

No
Surf.
Flaws

1

>1

Bead Size

Groove Design

Weld Length
Plate Area

Vessel Thickness

Vessel Inner Rad.

Vessel Length

Clad Bead Width

% SAW

Vessel Thickness

-
% Repair

Applied
KI

Elastic Modulus

Vessel Diameter

Un-Irradiated
Index

Temperature
(RTNDT(u)*)

Irradiated
Initiation

Toughness
Index

Temperature
(RTTOUGH(I))

Resistance
KIc

dKI/dt > 0
AND

A-KI > R-KIc

Initiation
Toughness
Transition

Curve

Pressure
vs. time in

Downcomer

CPI>0

Event
Tree

Analysis
(SAPPHIRE)

Simulator Info.

Plant Equipment

Plant Design

Operating
Procedures

Training

Sequence &
Cut Set

Definitions
(∝1E5)

Fine
Binning
Logic

(SAPPHIRE)

Fine 
Binned

Sequences
(∝300)

Selection
Criteria

Single
Sequence of
Events that 

Represent Bin

Expert
Judgments

Bin
Frequency
Histogram

Historical
Incidence

of Plant Upsets

Stress
Intensity

Factor
ModeldKI/dt

RTNDT(u)
Method

RTNDT(u)
(RVID)

YES

Generic?

YES

NO
σ(u) = 0

σ(u) = S (μ,σ)+
Conversion

to Toughness
Transition

Temperature
Un-Irradiated

Toughness Index
Temperature
(RTTOUGH(U))

Irradiated
Toughness Shift

(ΔRTTOUGH)

1

Physical Plant
Layout “inside” the 
• SG steam outlet
• SG feed line
• ECCS input

Fluid Static
Equilibrium

Model

Fluid
• Viscosity
• Density
• Enthalpy
• ConductivitySequence

Definition

TH
Nodalization
(1D Model)

Mathematical
Idealization

of Plant

+

CPI=0

NO

Temperature
vs. time in

Downcomer

Control System

Geometric Loss
Coefficients

(e.g., for elbows)

Conditions at
each node_____
• Pressure
• Temperature
• Fluid velocity
• Gas velocity
• Void fraction

Flow
Regime

Correlations

Heat
Transfer

Coefficients

Vapor
• Viscosity
• Density
• Enthalpy
• Conductivity

STOP

YES

NO

Is
TMIN < 400°F 

AND
dT/dt > 100°F/hr?

NUREG/CR-5750

Lookup
Tables

Increment
Time

t = t+Δt

Vessel Thickness

Clad Thickness

CTEPLATE

Poisson’s Ratio

time = 0
Initial

Condition
Guess

Equilibrium 
Conditions at
each node_____
• Pressure
• Temperature
• Fluid velocity
• Gas velocity
• Void fraction

Plant State
at

t + Δt

Sequence
Complete?

YES

NO

Coarse
Binning
Logic

Coarse 
Binned

Sequences
(50 - 150)

Risk
Dominant
SequencesPRA

Judgments
OK?

TWCFSEQUENCE
>

1% TWCFTOTAL?

ANALYSIS
COMPLETE

Refine
PRA

P&T vs. t

T vs. t
to PFM

T vs. t

Metal
• Thermal conductivity
• Metal surface

roughness
• Metal area

Weld
Flaw?

NO

YES

RTTOUGH(I) =
MAXIMUM OF

RTTOUGH(I)
WELD, &

RTTOUGH(I)
ADJACENT PLATE

NO

P&T vs. t
to PFM

YESNO

YES

Weld σresidual

CTE Mismatch
σresidual

CTEWELD

INDEX TEMPERATURE SHIFT MODEL

UNIRRADIATED INDEX
TEMPERATURE MODEL

FRACTURE DRIVING
FORCE MODEL

Sampled
Fluence At Flaw

Charpy
Irradiation

Shift
Model

Charpy
Temperature
Shift (ΔT30)

Oper.
Temp.

Cu
(RVID)

Thru-Wall
Attenuation

Model

Best-Estimate
ID Fluence

(Reg-Guide Calcs.)

Ni
(RVID)

P
(RVID)

Oper.
Time

Product
Form

Vessel
Mfg.

Conversion
to Toughness

Shift

Global
Fluence

Uncertainty

Sampled
ID Fluence

Local
Fluence

Uncertainty

Fluence
At Flaw

Cu
Uncertainty

Sampled
Cu

Ni
Uncertainty

Sampled
Ni

P
Uncertainty

Sampled
P

MAT=Weld
&

a’ in Next ¼ T
Matrix

Multiply

Through Wall
Cracking

Frequency
(TWCF)

Initiation-Arrest
Transition Curve

Separation
Model

ΔRTARREST

Arrest
Toughness
Transition

Curve

NO

YES

Applied
KI

Stress
Intensity

Factor
Model

A-KI
>

R-KI

CPF=
CPI*FAIL/COUNT

YES

Fluence
at Flaw

Thru-Wall
Attenuation

Model+

1
Irradiated

Toughness Shift
(ΔRTTOUGH)

Irradiated
Arrest

Toughness
Index

Temperature

NO

Extend flaw to 
Infinite Length

Increment 
Flaw Depth
a’ = a + Δa

Re-Sample

Cu

Ni

P

Resistance
KIa*

T vs. t

Pf 1=
S{ RAND[0,1] }

MAT=Weld
&

a’ in Next ¼ T

Resistance
KIa@T

No

Pf xT/4=
S{ RAND[0,1] }

Yes

Initiation-Arrest
Interaction Model ON

KIa(MAX) = KIc

a’>¼T
?

YES

NO

Resistance
K{J-R}@T

Resistance
KIa* @T

MIN
Resistance

KI @T

Elastic Modulus

Vessel Diameter

Vessel Thickness

Clad Thickness

CTEPLATE

Poisson’s Ratio

P&T vs. t

Weld σresidual

CTE Mismatch
σresidual

CTEWELD

FRACTURE DRIVING
FORCE MODEL

CRACK ARREST MODEL

PROPERTY
GRADIENT

MODEL

Initiation-Arrest
Interaction Model OFF

Unrestricted KIa(MAX)

Weld?

NO

YES

Resistance
KIa@T

A

FAIL = 0 

COUNT = 0

FAIL=FAIL+1

COUNT=COUNT+1

COUNT
=100?

A

NO

YES

Initiation-Arrest
Interaction Model ON

KIa(MAX) = KIc

Flaw Model

PRA
Model

TH
Model

Completion Check

Crack
Initiation
Model

Thru-Wall
Cracking
Model

Accurate

Unknown

Other Models
Available

Conservative

Accurate, Conservative
Judgments when Unknown

TUS
ModelTUS

Upper Shelf
Toughness

vs.
Temperature

Curve

T vs. t

DUCTILE TEARING MODEL

Irradiated Initiation
Toughness Index

Temperature
(RTTOUGH(I))

(from initiation model)

Product
Form

Weld
% SMAW

Shoreham
Weld Flaw

Density
Model

Sh. & PVR
Flaw Size

Model

Sh. & PVR
Aspect
Ratio
Model

E.J.
Truncation

Model
(=2-in)

Weld Dir.
Orientation

Model
(Phys + Obs)

Distribution of Embedded
Weld Flaws x

Weld
Fusion
Area

Plate & 
Forging

Sh. Weld
Flaw Density

Model(/10 lg.,
/40 sm.)

(E.J.)

Sh. & PVR
Weld

Flaw Size
Model

Sh. & PVR
Weld

Aspect
Ratio Model

E.J.
Truncation

Model
(0.43-in.)

Coin Toss
Orient. 
Model

(Obser. & 
Phys.)

Distribution of Embedded
Plate Flaws x Plate

Volume

Cladding

Obs. Buried
Clad Flaw
Density

in PVRUF/ 10
(E.J.)

E.J. Flaw
Depth
Model

(a = tCLAD
ALWAYS)

PVR & HC
Aspect
Ratio
Model

E.J.
Truncation

Model (tCLAD)

Circ. Orient.
Model
(Obs.)

Distribution of Surface Flaws
in Plates& Welds x Clad

Area

Flaw Location
in Vessel Wall, x’

Flaw Depth, a

Flaw Aspect
Ratio, 2c/a

Flaw Density, ρ

STOP

NO

YES
Is

Location > 
3/8T from ID?

# of
Layers?

No
Surf.
Flaws

1

>1

Bead Size

Groove Design

Weld Length
Plate Area

Vessel Thickness

Vessel Inner Rad.

Vessel Length

Clad Bead Width

% SAW

Vessel Thickness

-
% Repair

Most Recent 
Iteration



Go To LBB 
Methodology

Screening for Use of LBB Methodology

Cyclic σ,
fatigue

Before an LBB 
analysis can be 
undertaken it must 
be demonstrated 
that these factors 
are not active over 
entire life of plant:

System 
Degradation 
(fire, other 

damage)
Erosion, 

Corrosion, 
SCC, Creep

Pipe 
surround
by mason 
block wall

TOP < TDBT 



Comparison

LBB Methodology

Critical instability 
crack length

crack COD &
crack length

Postulated 
crack length

Leak detection
rate (gpm)-system

Piping systems 
stress analysis

Pipe system
geometry

FEM

Tada-Paris
LE model

GE/EPRI
Non LE

σ/ε
Worst

J-R
Worst

σuts
Worst

σy,E
Worst

Temperature

Pressure

Detectable leak 
rate (GPM)

Margin (10)
Calculated leak

rate (GPM)μL,μG, n

Bending, axial 
stress + SSE @
worst location

Calculated Crack
length w/margin

Margin (2)Calc. Crack
length

NO YES

Expert 
judgment

COD v μL, 
μG, n Model 

X

J-estimation

FEM Analysis

Z-factor limit load
analysis

X

Post process 
Sub-critical

flaw

Post. LR = 
Calculated 

LR

Postulated 
Crack (+margin)

<critical 
crack

Postulated 
leak rate

Crack
Open Area 
Calculation

Flaw 
Stability 
Analysis

YES;
Success!!!NO

Reduce 
Model 

conservatism

σ/ε
Worst

J-R
Worst

σuts
Worst

σy,E
Worst

σ/ε
Data

Weld, 
forge, 
plate

J-R
Data
Weld,

Forge, 
plate

Input information
Model-most conservative

Model – most accurate

Model output
Margin

Model needs clarification

Read from left to right

DETECTABLE 
FLAW SIZE

CRITICAL 
FLAW SIZE

FEEDBACK

σ/ε
Data

Weld, 
forge, 
plate

J-R Data Weld,
Forge, plate

Model– mid conservative

Leak
Rate

Analysis

2-phase model

Single phase model

Choice



• All models need to be fully 
diagrammed and understood

• Model conservatisms need to 
be identified

• Deficiencies in knowledge 
(data and modeling) need to be 
identified & remediated

• Best Estimate models need to 
be identified and used to treat 
uncertainties

• Models to account for currently 
screened damage mechanisms 
need to be identified & 
incorporated

• A fully probabilistic model 
needs to be developed

Work Remaining

Develop initial process diagram
Nuregs, reports, papers, literature

Review by & discussion 
with technical experts

Modify diagram, detail models

Code process

Parameter studies

Finalize diagram & code

ID uncertainties

Treat uncertainties


