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Areas	
  of	
  Recent	
  Focus	
  
• Probabilis;c	
  Physics	
  of	
  failure	
  (PHM,	
  ADT,	
  ALT)

– Fa;gue	
  
– Creep	
  
– Corrosion	
  
– Combina;ons	
  

• PPoF	
  Based	
  Modeling	
  of	
  Structures	
  and	
  Systems	
  
– Agent-­‐Based	
  Compu;ng	
  
– Simula;ons-­‐Based	
  Compu;ng	
  
– Common	
  Cause	
  Failures	
  

• Probabilis;c	
  Risk	
  Assessment	
  and	
  Reliability	
  Analysis	
  
– More	
  than	
  20	
  PRAs	
  of	
  Nuclear	
  Plants	
  
– PRAs	
  in	
  Transporta;on	
  (CNGs	
  and	
  Pipelines)	
  
– PRA	
  of	
  Small	
  Modular	
  Reactors	
  
– Failure	
  Data	
  Collec;on	
  and	
  Analysis	
  
– Modeling	
  complex	
  components	
  (Compressors,	
  pumps,	
  MOVs,	
  etc.)	
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150%iFLE =

Interpreting FLE in terms of Probability of a > 0.01 inches 
Note: 0.01 inches=0.25 mm << acritical 

100%iFLE = 200%iFLE =

[ ]0.01 0.001P a in≥ ≈

[ ]0.01 0.11P a in≥ ≈

[ ]0.01 0.50P a in≥ ≈

[ ]0.01 0.96P a in≥ ≈

300%iFLE =

[ ] 90.01 0.9 10P a in −≥ ≈ ×

50%iFLE =

SAFE Life 

Challenge:  Quantify the probability of exceeding residual strength 

Probability-Based Life Tracking 

cracking unstable cause  will(DLL) loadlimit design 
  theofn applicatioat which  sizecrack  that is Strength Residuala
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Bayesian Analysis of Fleet Findings 
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For an inspected aircraft at FLE=i%, generate random crack 
growth with know loads and random material crack growth 
properties. Fit a joint probability density function.  
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PDF at 100% FLE Updated 

Probability-Based Life Tracking – Bayesian Approach 
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Unacceptable risk 
Without some exogneous indication, a 
greater risk would be taken! 

Rogue occurrence 
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Model Application (Loads only model!) 
The critical problem remaining is the rogue flaw probability 

To mitigate the risk of the rogue flaw a sensor suite and/or an inspection schedule 
would provide the feedback.  Ideally a sensor would detect some minimum threshold 
value with a virtual POD of 100%.  Also the threshold must be less than the maximum 
risk taking crack aSL. 
 

Probability-Based Life Tracking – Bayesian Approach 
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Quan;fying	
  Crack	
  Size	
  via	
  Informa;on	
  Entropy	
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Qi,	
  G.,	
  et	
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  Journal	
  of	
  Materials	
  Science:	
  Materials	
  in	
  Medicine,	
  23	
  (2012)	
  217-­‐228.	
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Research	
  ques+ons:	
  
1) What	
  is	
  the	
  advantage	
  of	
  a	
  signal’s	
  entropy	
  over	
  the	
  conven;onal	
  AE	
  hit	
  method	
  

for	
  structural	
  health	
  monitoring?	
  	
  
2) Is	
  there	
  a	
  link	
  between	
  info.	
  entropy	
  and	
  the	
  thermo.	
  entropy?	
  
	
  

UMD	
  has	
  already	
  developed	
  a	
  
sequen;al	
  Bayes	
  approach	
  to	
  
measure	
  crack	
  size	
  from	
  
detected	
  AE	
  hits1.	
  

M.	
  Rabiei,	
  M.	
  Modarres,	
  Quan;ta;ve	
  methods	
  for	
  structural	
  health	
  management	
  using	
  in	
  situ	
  acous;c	
  emission	
  monitoring”,	
  
	
  Interna;onal	
  Journal	
  of	
  Fa;gue,	
  Vol.	
  49,	
  April	
  2013,	
  pp	
  81-­‐89.	
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Mul;plica;ve	
  Error:	
  Bayesian	
  
Posterior	
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Example	
  –	
  FIVE	
  Radiant	
  Heat	
  Flux	
  
Bayesian	
  Approach	
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Probability	
  of	
  Exceedance:	
  HGL	
  Temperature	
  

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

150 200 250 300 350 400 450 500 

Ex
ce

ed
an

ce
 P

ro
ab

ili
ty

 

Predicted HGL Peak Temperature, ºC 

Exceedance from 218C 
Exceedance from 330C 
218 
330 

COPYRIGHT © 2014, M. Modarres



GP	
  Regression	
  
• It	
  is	
  a	
  nonlinear	
  regression	
  when	
  you	
  need
to	
  learn	
  a	
  function	
  f	
  with	
  uncertainties	
  from
data	
  D	
  =	
  {X,	
  y}

	
  

Ref:	
  Eurandom	
  2010,	
  Z.	
  Ghahramani	
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Predicted	
  Result	
  

**Dashed lines indicate 95% probability interval 

“+” indicates test data used in 
goodness-of-fit test 

Model provides probabilistic 
prediction of failures in future 

months 
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Anomaly	
  Detec;on	
  Example	
  

**Dashed lines indicate 95% probability interval COPYRIGHT © 2014, M. Modarres



Characteris;cs	
  of	
  AE	
  Signal	
  

§ Counts:	
  	
  the	
  number	
  of	
  ;mes	
  
that	
  the	
  AE	
  signal	
  amplitude	
  
exceeds	
  a	
  predefined	
  
subjec;ve	
  threshold	
  value	
  

§ Peak	
  Amplitude:	
  related	
  to	
  the	
  
intensity	
  of	
  the	
  source	
  in	
  the	
  
material	
  producing	
  AE	
  signal	
  	
  

§ Rise	
  Time:	
  the	
  ;me	
  it	
  takes	
  to	
  
reach	
  the	
  peak	
  amplitude	
  of	
  
an	
  event	
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Test	
  Specimens	
  

§ Specimen:	
  
Compact	
  Tension	
  	
  
(CT)	
  

§ Material:	
  
Al7075-­‐T6	
  	
  
aluminium	
  alloy	
  	
  

§ Thickness:	
  
3.175	
  mm	
  	
  
(0.125	
  in.)	
  	
  
	
  

All	
  dimensions	
  are	
  in	
  inches.	
  COPYRIGHT © 2014, M. Modarres



AE	
  Sensor	
   Microscope	
  

Digital	
  Camera	
  

Gooseneck	
  
Illuminator	
  

CT	
  sample	
  

Experimental	
  set	
  up	
  
§ Op;cal	
  microscopy	
  was	
  used	
  as	
  

a	
  crack	
  size	
  measurement	
  tool	
  
in	
  conjunc;on	
  with	
  AE	
  sensor	
  

§ Time-­‐lapse	
  photography	
  was	
  
performed	
  using	
  a	
  digital	
  
camera	
  

	
  
§ Three	
  fa;gue	
  tests	
  were	
  

performed	
  under	
  uniform	
  cyclic	
  
loading	
  :	
  

	
  	
  	
  	
  	
  (CT1,	
  CT2,	
  CT3)	
  

• minimum	
  load	
  ~	
  4.5	
  kN	
  	
  
• maximum	
  loads	
  ~	
  9	
  kN	
  
• frequency	
  ~	
  20	
  Hz	
  
• loading	
  ra;o	
  ~	
  0.5.	
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Play	
  the	
  movie	
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Oil	
  Pipeline	
  PHM	
  	
  
• Corrosion	
  is	
  considered	
  a	
  

significant	
  factor	
  in	
  the	
  failure	
  and	
  
damage	
  of	
  metals	
  

• Annual	
  direct	
  cost	
  of	
  	
  corrosion	
  in	
  
U.S.	
  oil	
  and	
  petrochemical	
  
industry=	
  $6.8	
  billion	
  	
  

• 	
  Mechanis;c	
  loads	
  increase	
  
damage	
  in	
  the	
  presence	
  of	
  
Corrosion	
  

• Pipelines	
  are	
  subject	
  to	
  
mechanical	
  stresses	
  and	
  harsh	
  
corrosive	
  environments	
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Oil	
  Pipeline	
  PHM	
  (Cont.)	
  

• The	
  2010	
  Enbridge	
  Spill	
  in	
  Michigan-­‐U.S.	
  was	
  due	
  to	
  
Corrosion-­‐Fa;gue	
  (~$1B	
  cost	
  of	
  clean	
  up	
  so	
  far!).	
  

• Why	
  Mechanis;c	
  Failures	
  are	
  Important?	
  
– Preexis;ng	
  cracks	
  (pits,	
  dents,	
  weld	
  flaws,	
  cracks	
  ini;a;on	
  due	
  SCC,	
  

etc.)	
  
– 	
  Mechanical	
  loads	
  (tensile	
  and	
  cyclic)	
  

– Fluctua;ng	
  loadings	
  and	
  stresses	
  	
  
– Failure	
  due	
  to	
  Corrosion	
  Fa;gue	
  and	
  Stress	
  	
  Enbridge	
  pipeline	
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Approach	
  	
  
• Define	
  Condi;ons:	
  

– Understand	
  ADNOC	
  needs	
  and	
  interests	
  in	
  
the	
  area	
  of	
  pipeline	
  integrity	
  management	
  	
  

– Define	
  test	
  condi;ons	
  that	
  matches	
  Abu	
  
Dhabi	
  environment	
  and	
  ADNOC	
  fields	
  	
  

• Perform	
  Experiments	
  and	
  Data	
  
Genera;on:	
  

– Experiments	
  (involving	
  H2S/CO2)	
  on	
  
representa;ve	
  carbon	
  steel	
  samples	
  

– Analysis	
  of	
  data	
  and	
  associated	
  
uncertain;es	
  

– Develop	
  Lab	
  Facili;es	
  at	
  the	
  Petroleum	
  
Ins;tute	
  for	
  future	
  ADNOC	
  befits	
  

• Develop	
  Models:	
  
– Mathema;cal	
  Model	
  Development	
  
– Model	
  Valida;on	
  

Step	
  1	
  

• Defining	
  the	
  problem	
  	
  
• Defining	
  the	
  test	
  condi;ons	
  

Step	
  2	
  

• Conduc;ng	
  the	
  experiments	
  	
  
• Data	
  gathering	
  	
  

Step	
  3	
  

• Model	
  Development	
  and	
  Valida;on	
  	
  
• Drawing	
  conclusions	
  and	
  
recommenda;ons	
  	
  

Steps	
  1	
  &	
  2	
  Part	
  of	
  Thrust	
  II,	
  Step	
  3	
  Part	
  of	
  	
  
Thrust	
  3.	
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Problem	
  Defini;on:	
  Step	
  1	
  
• A	
  discussions	
  with	
  ADCO	
  engineers	
  

and	
  management	
  will	
  lead	
  to	
  a	
  
beser	
  defini;on	
  of	
  	
  the	
  problem	
  and	
  
the	
  required	
  tes;ng	
  condi;ons.	
  

• Understand:	
  	
  
– Pipelines	
  H2S/CO2	
  condi;ons	
  	
  
– Physical	
  loads,	
  residual	
  stresses,	
  

external	
  loads	
  	
  
– Temperature,	
  pH,	
  stress	
  concentra;ons,	
  

weld	
  flaws	
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Experimental	
  Work:	
  Step	
  2	
  
• Dog-­‐Bone	
  samples,	
  API-­‐5L	
  grade	
  B,	
  will	
  be	
  subjected	
  

to	
  various	
  cyclic	
  stresses	
  under	
  H2S/H2S	
  simulated	
  
environments	
  

• Indenta;ons	
  to	
  simulate	
  crack	
  ini;a;on	
  
• study	
  crack	
  propaga;on	
  and	
  behavior	
  of	
  neighboring	
  

cracks	
  on	
  crack	
  growth	
  	
  
• Fractography	
  tes;ng	
  to	
  understand	
  crack	
  growth	
  and	
  

coalescence	
  	
  	
  
• Experimental	
  work	
  will	
  be	
  done	
  on	
  2	
  phases:	
  

– Phase	
  1:	
  a	
  dry	
  test	
  at	
  UMD	
  labs	
  to	
  define	
  the	
  material	
  
proper;es	
  and	
  fa;gue	
  characteris;cs	
  	
  

– Phase	
  2:	
  Corrosion	
  tes;ng	
  at	
  Honeywell	
  lab	
  to	
  define	
  the	
  
environmental	
  factors	
  effect	
  on	
  material	
  failure	
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Tes;ng	
  Facili;es	
  
• Preliminary	
  Tes;ng:	
  	
  

– Calibra;ng	
  tests	
  at	
  UMD	
  labs	
  	
  
• Fundamental	
  Tes;ng:	
  	
  

– Honeywell	
  Corrosion	
  Lab,	
  Houston,	
  Texas,	
  US	
  
– The	
  capability	
  allows	
  all	
  different	
  types	
  of	
  

tes;ng:	
  
• Capability	
  to	
  handle	
  100%	
  H2S	
  and	
  100%	
  
CO2	
  ,	
  no	
  ppm	
  limit.	
  	
  

• Capability	
  to	
  simulate	
  pressures	
  of	
  up	
  to	
  
10000	
  psi	
  and	
  temperatures	
  up	
  to	
  1000	
  F	
  

– Leaders	
  in	
  building	
  corrosion	
  research	
  labs	
  	
  
– Honeywell	
  link	
  allows	
  transfer	
  of	
  corrosion	
  /	
  

cracking	
  tes;ng	
  capability	
  under	
  (H2S/Co2)	
  

• Petroleum	
  Ins;tute	
  tes;ng:	
  	
  
– Restart	
  and	
  revive	
  the	
  CORETEST	
  autoclave	
  
– CO2	
  tes;ng	
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Safety Features on NuScale 

• Natural	
  Convec+on	
  for	
  Cooling
– Inherently	
  safe	
  natural	
  circula;on	
  of	
  water	
  

over	
  the	
  fuel	
  driven	
  by	
  gravity	
  
– No	
  pumps,	
  no	
  need	
  for	
  emergency	
  generators	
  

• Seismically	
  Robust
– System	
  is	
  submerged	
  in	
  a	
  pool	
  of	
  water	
  below	
  

ground	
  	
  in	
  an	
  earthquake	
  resistant	
  building	
  	
  
– Reactor	
  pool	
  asenuates	
  ground	
  mo;on	
  and	
  

dissipates	
  energy	
  
• Simple	
  and	
  Small

– Reactor	
  is	
  1/20th	
  the	
  size	
  of	
  large	
  reactors	
  	
  
– Integrated	
  reactor	
  design,	
  no	
  large-­‐break	
  loss-­‐

of-­‐coolant	
  accidents	
  
• Defense-­‐in-­‐Depth

– Mul;ple	
  addi;onal	
  barriers	
  to	
  protect	
  against	
  
the	
  release	
  of	
  radia;on	
  to	
  the	
  environment	
  

High-strength stainless 
steel containment 10 
times stronger than 
typical PWR

Water volume to thermal 
power ratio is 4 times 
larger resulting in better 
cooling

Reactor core has only 
5% of the fuel of a large 
reactor

45 MWe Reactor Module 

28 Courtesy	
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  NuScale	
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SMR	
  PRA	
  Modeling	
  Considera;ons/
Complexi;es	
  

– Integrated	
  Design	
  
Ø Integrated	
  Steam	
  Generator	
  /	
  Health	
  Management	
  
Ø Integrated	
  Control	
  Rod	
  Drive	
  Mechanism	
  
Ø Integrated	
  RCP	
  	
  
Ø New	
  Containment-­‐RCS	
  Interac;ons	
  
Ø Integrated	
  Pressurizer	
  	
  

– Passive	
  systems	
  
Ø Operability	
  /	
  condi;ons	
  of	
  opera;on	
  	
  
Ø Failure	
  modes	
  
Ø Thermal/mechanical	
  failure	
  mechanisms	
  (e.g.,	
  PTS)	
  
Ø Long-­‐term	
  component/structure	
  degrada;on	
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SMR	
  PRA	
  Modeling	
  Considera;ons/
Complexi;es	
  (Cont.)	
  

– Mul;-­‐Module	
  Risk	
  
Ø Direct	
  Dependencies	
  

² Common	
  ini;a;ng	
  events	
  /	
  shared	
  SSCs	
  
² Shared	
  instrumenta;on,	
  	
  control,	
  fiber	
  
op;cs,	
  other	
  cables,	
  electric	
  divisions	
  

² Shared	
  systems	
  (e.g.,	
  FPS)	
  
² Capacity	
  of	
  shared	
  equipment	
  (e.g.,	
  
baseries)	
  

COPYRIGHT © 2014, M. Modarres



Need	
  for	
  Failure	
  Data	
  	
  

• Lack	
  of	
  data	
  on	
  equipment	
  failure	
  
– Smaller	
  units,	
  less	
  stress	
  
– Submerged	
  units	
  

• Ini;a;ng	
  event	
  frequencies	
  (are	
  legacy	
  data	
  
applicable?	
  What	
  about	
  new	
  ini;ators?)	
  
– Internal	
  
– Integrated	
  components	
  	
  
– External	
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