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Reliability Modeling
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WHILINITVDINTITIAYINLULAA Reliability

Knowledge-Driven Monte Carlo

Simulation-Based Sampling

Physics-Base
Models
POF, FEA, CFD, TH, FM
Classification
Models: Fuzzy Logic, BBN,
Q State Estimation (Evolutionary, Pattern,
S <

or Data-driven)

Experience-Based
Statistical Life Models
Experience-Based / Historical Failure Data, Reliability Test Data, Field Data

A

< Uncertainty >
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"\ 6

lutnanuuuunand (Physics-Based Model)

Physics-Based Model (POF) tflunsdaviluwnariionisiasizi reliability
auLUUINenaans reldlunaninudsmenisnenmddulusunaln
AEEETANTUASS WY AILEN (fatigue), N1suen (fracture), N1ENNTD
(wear), N1SANNIDU (corrosion)

Uaf : TuegiuIIutayanINudsnetagad, efaziaudaiuluna
NNENINDY, WUlUNNAlNAMULESENAN, A¥NDUMILUSTAUNITIANY
Fenea34, anunsavliussyndldiussuudu

Yoy : Aosdmiulniiusraunisal, Tonaruulunisdnvinluea,
UAguUaI9INNSIRYILUULANAYINB LN
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ANSIAASIZALUULAL Vs, WUU POF

A2835N15911N15NAABY (testing-based or empirical)

Samples ar_e Time or cycle Reliability is
tested until | — to failure — | estimated using
failure is noted statistical analysis

A2835ATUIUNTIINENE (physics-base or computational)

Physics of failure Per;?;n:,:lcueaggeria Limit-state
is modeled based |—— havi e ‘ Reliability is
on design variables a"'\',‘:riz';::;'st've estimated
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AN1sNlARAINULEYNY (agents of failure)

1. LLIS9NTENI 959 AULAU (Stress)

Mechanical - k390327 IINIBAMNTULSS MUY 9 vseruEvesnisiva

o\

Thermal - UM TUABURAUNGY AUTEUGY WSINTEyiTinannsildeugamadl

Yy

Electromagnetic - nMsduaziiiauiinainaauldiuanlni
Chemical = NMSUasULUaINILAL WY I1NNTARA
Radiation — ANuUs12LHe9R 0 lasUSIET MU

ANULAUTIUAUIINNAUNEY

2. 1731 (Time)

ANENUNN mmL?{&Jmaﬁlﬂmmgﬁumunm
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1ASIE519NISLULAAANLE YN

Success

Capacity
(e.g., Strength, Endurance,
and Tolerance)

Challenge

(e.g., Stress, and Damage) Capacity > Challenge

Failure

Adverse Conditions
(e.g., Induced Internally or Externally
by Designers, Environment, and Users)
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LULABANNLEY Y 1: Stress-Streneth Model

Stress Strength

d1UUTZNOUARANMLEYINYILD “159n529117 (Stress) UInAIT “ANUATUNIL” (Strength)
“USINTEVN” (Stress) = USININTEIIAREILUTENDU WU M19ATaeNa N9l nsanuseu

“ANUANUNIUY (Strength) = ATUEINITALUNITAIUNIUSIBLIINTZYI

%)

dullegudAgyAa Stress LIANANTZNUAIIT (permanent effect) Aadulsznau

9

msdavhlunanudeiels (Reliability Modeling) dilnauusinaivedus



msUszdiuanulasasouuuldnnuinazludesiu (Introduction to Probabilistic Safety Assessment) 8

LULABANNLEY Y 1: Stress-Streneth Model

ANULEYINYAATULBUTINTEIN (Stress) siadaulsenauNINAINANNAIU (Strength) AYTY
ANz dunagldiinaudene (Reliability) agiwiniuanuunagdun Stress Haenin
Strength

R=Pr(S>s)

R A9 reliability ¥e3d1udsznau
s A WSINTE (stress)

S A9 AIIUAIUNIU (strength)
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luAaAuLE8IY 2: Damage-Endurance Model

AdNEAEITU Stress-Strensth Model ws usinszsi (Stress) ilAnaudamsazaud
lalaunsadeunduld (accumulates irreversibly) Wi AUaN (fatisue) NsAANIBUY
(corrosion) Iag d@rulsznavazldnmslulaile “avnudenis” (damage) wnndd
“Aad1UAINU” (endurance) (90% mammm@ama%tﬁuuwi}

AINULEYNY (damage) = stress @zauvinlilAnAUEW89 irreversible
AINNAIYIY (endurance) = ANNAIUNTONAZAINUSID damage
FPRIAN

* NSUANSIILUY Fatigued Corrosion Cracking Tuvialazaiaussnaudy
* MAANIDUVDY reactor vessel ey LATIAT

* N158NWIURIEIUUTENDU WU pump seal #39 bearing

v a v o 0 °o g ¥ a = =
AullygIunanaa kIaNsein (Stress) virlvinnAULEENN8NA1I5 (permanent)
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luAaAuLE8IY 2: Damage-Endurance Model

) Degrading Endurance Limit:
A Failures mean and bounds
————————————— Y A DR ¢
B % I
5} \_,ﬁ"‘;-f-;’ :5“/*5
o) ay -l -
- 77 " Time to Fail
Yy ime to Failure
A  Damage ' N Distribution
Accumulation /
e 4 Overlap of endurance limit distribution with the
= — — > damage accumulation distribution leads to TTF
Time distribution.
Note: S, > S, implies that TTF, < TTF, Constant
Endurance Limit
A S, > S,
_ A Ay S S
X KK KR X
% 1
g . |
A /) TTF
Time
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LlAaAIULEYY 3: Tolerance-Requirement Model

dnsulunsaiidrndsenaudinslgauls weauFsvnaiady Wevinaulalufne

AUNY (tolerance) = S¥AUAINLEDY (degradation) siaUszansnn
(performance) NM¥INUVDIAIUUTLNDU

LWNENTRUA (requirements) = aNwMEYBIUIEENEAINTIRDINTT
A8
* NSYIN9IUYBILATDIONYLENETS

* JszAnSnmuedgunsainiyin

dullugnuvanae 81¢ (aging) wag NMstUABULUAINTSINU (operational change)
M IANAAULTDNENNVBIUSZANTAN nazdruianuUaanny (Safety Margin)
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LlAaAIULEYY 3: Tolerance-Requirement Model

Max

A
System S Design Margin or Performance
Performance — S
or Safety ¢ —F——WOE———X Conditional Requirement Bounds
Margin > i |
Performance i i .
Degradation i / \ Time to Failure
| 7 N < Distribution
| ! - )
Time
A
Performance S, >

S,
‘ —— — Min

IAN 1IN >

Time
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13

Safety Margin (SM)

g(s)

The SM LaAIAIURNG (relative
difference) S$MUINIANQAYUDI stress SM E(S) — E(s)

LA strength Tnefl SM Ben B Jvar(S) + var(s)
duusenaunazd reliability 11074
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AIDENNNANAIULEYINEY

Stress-Induced Strength-Reduced Stress-Increased
Brittle Fracture Wear Fatigue
Buckling Corrosion Radiation
Yield Cracking Thermal-shock
Impact Diffusion Impact
Ductile Fracture Creep Fretting

Elastic Deformation

Radiation damage

Fretting
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NalnAULEYELAE LTI AAAAIULE SN

Wearout Failure Mechanisms

Acceleration Stresses (Agents)

Fatigue crack initation

Mechanical stress/strain range, Cyclic temperature range, Frequency

Fatigue crack propagation

Mechanical stress range, Cyclic temperature range, Frequency

Creep Mechanical stress, Temperature
Wear Contact force, Relative sliding velocity
Diffusion Temperature, Concentration gradient
Interdiffusion Temperature
Corrosion Temperature, Relative humidity
Electromigration Current density, Temperature, Temperature gradient
Dendritic growth Voltage differential
Radiation damage Intensity of radiation
Surface charge spreading Temperature
Slow trapping Temperature

Stress corrosion

Mechanical stress, Temperature, Relative humidity
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NISIAVIINITIHGD5VDILULABNITLEDUANIN

ANEEMERAYWiaNITwesdAgyvaTanvIed1uUTENaU (WY mechanical
strength, capacitor leakage, transistor threshold voltage, brake-lining thickness)
\d@ouanuan (degradation)

S A W’]iﬂﬁmai‘é’ﬂﬁiy (critically important material/device parameter) lng
dudiegiuin S Wasuwlasegnedniisunuangmsitay wazsiluluTuiianiates

81911 Taylor expansion 7 t=0 azl# Maclaurin Series

S(t) = S;—0 + 95 t+1 9s 4+
—o=0T e ), 2 \e2 ),

alin1sUsENN higher order terms 2y power-law 3gla7

S=S,[1+A4,0"],
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NN IENANANAININLIAT

WISTLRDTEN vﬁg (critically important parameter) S ﬁamaqmumm S=S,[1—-A4,0"].

Parameter S Decreasing with Time

1.20
1.00

0.80
(/2] -
& 0.60

S Device #1
0.40 n S— = 1 _Ao(t)m

o

0.20 -

O-OO 1 T rrrrny 1 T rrrrmg 1 LI Ll T rrrrrn 1 LR 1 e

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Time (sec)
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1 1 ¥V
a 6 0 a a <
NITIULABDIFATIAEY VLN YURNTUEIAN
Ws1HwesaAwY (critically important parameter) S Ffisumunan S = Soll + A",

Parameter S Increasing With Time

LI 1+A, O™
0 Device #1

OO LU [ LU | LU LU LU UL

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
time (sec)
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LU AaAINNLEDNANNNIA U

Table 2.1 Selected Time-Dependent Degradation Models.

Power-Law

S=S,[1+A,(t)"] j>

Exponential

S
S=S, exp(+A,f) :j> Ln [s—} 1

Logarithmic

S=S,[1£In(A,t+1)]
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LULAAYNSIAIULEDY

PRIIAINULEDN (degradation rate) AB R = o =m(t)" .
t

1o m=1 A8 RTIAMUFOUAIN, M < 1 ABTNTIANUFINAAIAIRINLIAT, M > 1 AD
PRTIANULFDUNLTUAHLIAN

S*=1-S/S,=(t)™

Time (arbitrary units)
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LULAAYNSIAIULEDY

4.E+00 P

*

S m
4E+00 4 |° == 5=

3.E+00 | | p_

3.E+00 -

dS*/dt

2.E+00 -

Rate

2.E+00 -

1.E+00

5.E-01 A m=0.5

0.E+00 u | ; T
0.00 1.00 2.00 3.00 4.00 5.00

Time (arbitrary units)
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NANMNRANINLESYNY (Time-To-Failure)

fwndilding aglen 1= | L (2250 o
* I EY AR '

naNAAULEeY (Time-To-Failure; t = TF) Anvulanisiiwmasidsuwlasiu
UNTENIDAIngengUnsalnsadiulsenaulianunsaviinulaansaly

1 [(S—S l/m
= (50
:I:AO SO crit

Parameter S Decreasing with Time

1.20
1.00
(08310 I i A
3 |
& 000 Device | ,
040 1 #1] :
— =1 m I |
020 |5, = A : : I
TF(1) TF(2) TF(3) .
O-OO LI LR | LI R | ! LI | 1 LI LR | ! 'I""”l I' LI
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Time (sec)
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Prognostics and health management (PHM)

® Prognostics and health management (PHM) Aa3sn1snvinlwaiunse
AN reliability vesgunsaiviseszuunelaanimwindenlunisldnuasa

* Wasauniulima Physics of Failure yilvaunsausuusanisaanisal
ADUNNUBIRUNTAINTBITEUUN LN TV ULAZEAN NN DU

* 1 ANA PHM L9517 U 11501522790 N1SUUNNKE N1SUSELNUNISIRDSUDS
ANINUIAADL NISVNNU LAZUSELENTAIN NUIUBNEDIUNINVDITEUY

* PHM @111509 57980 UNSIUas UL UawaInsiine sl
* Performance degradation - Ys¢aNSAINUINITNNNIUANEY
® Physical or electrical degradation - MsLEaNANINNIINBA NS e LT

* Changes in a life-cycle profile - MsURsULUBNTDIANINATTVINGU
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1A598519015917 PHM

Prognostics Sensors Assessment Methods

I

| * Components
I * Interconnects
| Boards
1 LRUs
|

|

I

* Wiring
* Systems
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VDAVDINISNT PHM

(1) 1N5UANADUA VLI NBUNLLARAINULFNNE

(2)  annisgaulanNllanawnuly ve1ea5EnINNIsUNeSNYT wasLiNy
Uszansnmlunisinnisyeuusy

(3)  anAltanslunsguasnegunsal lnensand1nsiaaet annankila
Ty wazann1sdsesgunsainaLny

(4)  USudgeiannauadinasdiomaslun1seaniuuLasN15aonguaTe UL
Tusulas
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Condition-Based Maintenance (CBM)

War ranty Tl.mll?/l{]
n

Resistance to Failure

<--- P-FliInterval --> E

Time
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2281551119 P way F (P-F interval)

----~€j}
e T Potential Failure

The point - (“P?)

where failure * o

beginsto The point ' ‘ 'A'Ssetinsights.net
v accur :
= where failure
= can be
= detected
2
o
5 The point E“qu)ctlonal Failure
%]
-g beyon;d
2 economic

repair
_ ] ] o
Time ! <-- P-FInterval -->!
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Immamn?ﬁauamw (Deterioration Model)

Vegetation

Ponding

Degranulation

-
GCP”
& Poténtia)l
3 " e “ 44 Blisters
o Failure iy ,.
© :
o
-+
[0}
(9]
=
©
+—
R
wn
&
Functional : N
: : N\
Failure : ~
B ~~
P-F Interval

Time
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grgntndnlunisingessny (Maintenance)

Drain
Cleaning

Visual
Inspections

Thermographic
scans

Destructive

Failure

Functional
Failure

Resistance to Failure

P-F Interval

Time
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T28EA15ENINUNTIINIASH

LIy 1 i

6
< ;
\mu
Potential !
g -~
v Failure ~!
E (“P")
& ! i
S
a¥}
=
) Functional
%5} .
'g Failure \~
oz (“F”) \\
~~~----
I I -
Time : <-- P-FInterval -->:
1 : :

' Major Maintenance Events
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T288LIA1581119N15UN 33Ny LlAad

-~ elayed Start &
-~~~~~ ‘
S
g 2
Potential \\
v Failure ~ 3
-
= (“P”) \
© -~ 4
“é \! 5
v N
§ Functional
'g Failure \\
o (“F”) \~~
~------
| |
Time : <-- P-FInterval -->:
1 : :

' Major Maintenance Events
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UBAVDINISNT CBM

MTBEF statistical expected life

N Potential safety risk
without prognostics Current
. service  Additional use gained with
. -7 life ics/di i
Design life of ; prognostics/diagnostics
component

T

2

Life consumption

Time-based service without
diagnostics/prognostics
Mild usage

Time in operation >

Source: Economic and Safety Benefits of Diagnostics & Prognostics (Romero et al. 1996) 00514
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Aeg1atloui Reliability 11 Hard Disk

o
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Aeg1atloui Reliability 11 Hard Disk

Reliability Issues

Parameters Monitored

* Head assembly
- Crack on head
- Head contamination or resonance
- Bad connection to electronics module

* Motors/bearings
Motor failure
- Worn bearing
Excessive run-out
No spin
* Electronic module
- Circuit/chip failure
- Interconnection/solder joint failure
- Bad connection to drive or bus
* Media
Scratch/defects
Retries
Bad servo
ECC corrections

Head flying height: A downward trend in
flying height will often precede a head
crash.

Error checking and orrection (ECC) use
and error counts: The number of errors
encountered by the drive, even if
corrected internally, often signals
problems developing with the drive.
Spin-up time: Changes in spin-up time
can reflect problems with the spindle
motor.

Temperature: Increases in drive
temperature often signal spindle motor
problems.

Data throughput: Reduction in the
transfer rate of data can signal various
internal problems.
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A19819 Life-Cycle Loads

Load Load Conditions

Thermal Steady-state temperature, temperature ranges, temperature cycles,
temperature gradients, ramp rates, heat dissipation

Mechanical Pressure magnitude, pressure gradient, vibration, shock load, acoustic level,
strain, stress

Chemical | Agressive versus inert environment, humidity level, contamination, ozone,
pollution, fuel spills

Physical Radiation, electromagnetic interference, altitude

Electrical | Current, voltage, power, resistance
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m&;m'ﬂ%’\‘muﬁmﬁa Remaining Useful Life (RUL)

% Current Condition

Performance

Threshold _|
Value

Unserviceable

Remaining Life

|
|
|
|
|
N
T

Now Time (years)
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LnLENNsIasuLUaIN15ILAIIEYE Reliability

1950s Reliability Tests Data Estirato the Exponential Ae A
Exponential Field Tests Data B Failure Rate —> SEEE = T
Model Warranty Return Data Distribution >
1960s Reli?bility Tests Data Statistical Many Different I e
Other Field Tests Data A DEs TTF —> t/\
Distributions Warranty Return Data Distributions : >
A
Life | ~
~
197058 19805 | HALT& ALT Tests Data Statistical Distribution of =
HALT & ALT avlily 1ests Uala |, Analysisof —> TTF Given —»
MLE Methods AL IS R Data Stress
Warranty Return Data >
Use S1 S2 Stress
Condition
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LnLENNsIasuLUaIN15ILAIIEYE Reliability

Material Properties
Design Characteristics > Mg;:spc”:: ;IO I ReII:i)?;irlii:));f;oT]TF
Pr;bigt)?lisstic Operational Conditions T/\ :
POF Approach FMEA & FMECA v ' = i
Product History > Dpe(t)el:rr:/ilgij,;ilc
ALT & HALT
o g
other scientific Specific Field Test Data
2000s sources Material Tests W/Guaranty Returns
i N B T I SR e B N
Approsches [n[ 7 ] B | A | Bl B A
e e Gl | — A i a ‘A
Uniform Primary Intermediate Final
Prior Posterior Posterior Posterior
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