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Abstract

Twenty case studics involving the application of fracture
mechanics o structural integrity have been reviewed and
compared with a similar repont published in 1978, Sixieen
of the new cases discuss failures, while four are fitness-for-
purposc analyses (i.e., evaluation of safe operating
conditions of defect-containing structures). In reviewing
the case studies, the culculated value of stress intensity at
failure was usually found to be only approximately equal to
the veported value of fracture toughness. Furthermore, in a
number of cases, the calculated stress intensity was
significantly less than the reported fracture toughness,
thereby indicating a nonconservative fracture mechar ics
analysis. The probable cause for this relatively poor

correlation was that the inputs into the analyses,
particularly fracture toughness, were often approximations.
Both swdies suggest that the likelihood of failure 1s
particularly large when there is a defect 25 mm in size and
when the fracture-toughness: yield-strength ratio is <0.16
vm = 1.0y,

Compared with the earlier study, no significant
improvement in accuracy of failure analysis was detected.
However, expert opinion suggests that there has been
significant improvement in fitness-for-purpose analysis.
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I Introduction

L1 Objectives and Background

The objective of this program was 10 evaluate the adequacy
of fracture mechanics as a predictor of failure loads of
engineering structures contzining defects. At the outset, it
was decided to use the case study method and to concen-
trate on reports of service failures. Case studies have the
advantage that they are from real-lifc experience and are
the best method for revealing the strengths and weaknesses
of applied fracture mechanics. However, this approach has
a drawback, because pressure-vessel failures, which are of
major interest 1o the Nuclear Regulatory Commission, are
relatively rare and have not included any known nuc lear
reactor pressure vessels.

This report is, in part, an update of a 1978 survey by Rich
and Rosenfield! and is summarized in Table 1. About half
of the 21 failure analyses in that siudy were associated with
fatigue. Overall, weld Jefects were the second leading
problem, including the two pressure vessels included in the
survey. One of those vessels failed when the calculated
stress intensity was close 1o the measured value of Ky,
while the other failed at only 0.75 Kj.. Although no reason
for the latter discrepancy was found at the time, it was
possibly a result of using a mean value for fracture
toughness and not taking data scatier into account properly.

In addition to the evaluation of load predictions, the 1978
survey revealed two other characteristics of structural fail-
ures: 80% of the failures occurred in materials for which
Kio/Y was <0.16vm (=1.0 /in. ), where Y is yield
strength, and 60% occurred in structures where the maxi-
mum crack dimension was >25 mm (1 in.); all structures
had at least cne of these naracteristics. Of course, it is not
possible to estimate the number of structures operating
safely under either of these conditions.

1.2 Uncertainties in Fracture
Mechanics Analyses

1.2.1 Overview

As an initial task in this study, the 1978 Rich and
Rosenficld paper* was reviewed 10 evaluate possible diffi-
culties in using fracture mechanics 1o predict failure loads.
Reference 1 states that the analysis was hampered by a
combination of a limited data base and uncenainties in

experimental inputs. For these reasons, it should not be
inferred that discrepancies between theory and experience
reveal an inherent deficiency of fracture mechanics. While
any theory should be regarded with skepticism, there is
ample evidence that fracture mechanics provides a valid
method of calculating failure loads of cracked bodies.
However, as with any idealization, certain approximations
need to be made in practical cases. In the particular case of
failure analysis, there are several possible sources of error,
including the following.

Uncertainty in fracture toughness is probably the major
contribution o overall uncertainty.? This situation arises
because scatter in ioughness measurements is often large,
particularly in the ductile/brittle transition region of steels.
The problem can be compounded by localized material
vanability and, in nuclear applicatons, by uncenainties in
the amount of radiation damage. Unfortunately, the best
pracuce, which involves fracture-property measurements in
the vicinity of the failur., is not always followed. In fact,
handbook values of oughness are often used in failure
analyses. The magnitudes of the associated errors are dis-
cussed in the next section.

Uncertainty in flaw size and shape can occur because the
failed part was lost or severely damaged. Even if the frac-
ture surface is intact, there may be problems in correctly
evaluating the fracture-surface markings. These uncertain-
ties also arise in safety anaiysis of operating components,
involving potential errors ansing from estimates of {law
size, shape, and location hased on nondestructive evalua-
uon.

Uncertainty in stress will anse in situations where there
are unknown loads, unantcipated loads, or unknown load-
ing rates. In addition, there is often insufficient information
10 assess residual stresses.

Uncertainty in stress-intensity evaluation can be mini-
mized by {inite-element analyses. In cases of fatigue fail-
ure, it is also sometimes possible to obtain stress-intensity
esumates independently by analyzing striation-spacing
measurements.

Because of all of the uncertainties described above, it is
reasonable to assume that a fracture-mechanics analysis

NUREG/CR-5860
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As an example of fitness-for-purpose, Tait and Spencer'?
analyzed a pipeline containing 1- 10 2-mm weld defects.
They concluded that these defects would cause failure only
if the pipe was not stress relieved; full stress relief would
increase the critical crack size to several meters. Based on
these calculations, the pipeline operator avoided an

Table 2 Variability in fracture woughness

Introduction

Coefficient of vanation
(%)
Material Kie Jie CTOD Rcfcrcnc_c_ K
High-strength alloys®
Aluminum-base alloys 333 5
Aluminum-base alloys® 89-104 5
Aluminum (7075-T6) kY 6
Stecls 7-23 S
Steel (4340) 22 6
Structwral steels

Upper-shelf region

Base plate 7 13 7
Base plate 16 ]
Base plate 8.8 15 9
Base plates? >13¢ i0
Weldments® »17¢ 11
Weldment 20.5 36 9
Lower-shelf and transition regions

Base plates? 4 2
Rase plates and welds® 18284 1
Welds? 25 47 11
Weld HAZ¢ 5078 12

“Multiple lots of material; otherwise, single plates or weldments are reported.

PData sets with > 100 entries.

“Values at 100 o 150°C. Each entry is the coefficient of variation of means of multiple heais. The
ients of the data sets are unknown but might not be very much larger.
on the three-parameter Weibull distribution, with exponent = 4, variability arises from variation in

lhc.l(;:xo Tatio.

Ww«:mmmuon&sm

cases in this study.

extremely expensive repair. Because of examples such as

Case studies were limited 10 those reported in the past 10
years (1980-1990) to provide a survey of recent technol-
ogy. While three-quarters of the studies in this report were

2 Methodology

this, savings claims in excess of $2.5 billion have been
reported for the fitness-for-purpose approach. % Interest in
such analyses and the opporwnity to provide a separate
estimate of the limiting value of stress intensity for safe
operation led to the inclucion of four fitness-for-purpose

published between 1986 and 1989, the date of occurrence is
unknown for aimost all of the failures. It is also not possi-
ble 1o state iow representative these studies are, because

NUREG/CR-5860
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Appendix

Summaries of Failure Analyses

Thus appendix contains the data summary sheets used in preparing this report. Case Studhes 1-16 are actual failures, while
F1-F4 are fitness-for-purpose analyses.

1 NUREG/CR-5860



Appendix

FAILURE ANALYSIS CASE STUDIES

! DON or sU u ! ) ¥ ALl
S K AP HN W i i ’
Materia sl ] veld W
Onerating v 5 . N\ [
‘ e Of failu PrOx ENance ar *
Consoquence M 1A f me death and L lerat i
Material properties
Yield strength, Y (iVPa
Ulumate strength, U (MPa \ £ v
Fra re toughne K MPasy i
ICUR -Dntue § WOr
[emperature (™1 KNOwWT
0 N.A
Ki/Y Wm
Operating conditions
";‘(',I.'!‘ »’Al O 4 ;‘l 4
Reswual stress e MPa) Kl ~
stress, O, + og (MPa 62 (min, see i
Ten perature at failur L Unknown amt \
Flaw
MZze (mm d el » ax
Share . plcal M
Fracture-mechanics analysis
Stress intensity, K (MPasym
K/Ki 803
l‘4 ,'( 11
Notes: Properues are of weld representative 0Of failure location, cnuca law wa Jused t King
inttial fracture-mechanics assessment indicated that the lank should have been sal SEer CXA
unintentional overloading
Source of data: H. S. Pearson and R, . Dooma Fracture Analy { Propan ank Exp ) ASTM S
op. 65-77, 1986
l




Appendix

Log No. 2 Date: March 2, 1990

FAILURE ANALYSIS CASE STUDIES

Cement tank haich cover
500 mm diam, 6.4 mm thickness/lenticular

A 3156-T6 aluminum
Tank being depressunized
Cause of failare Design and matenal inadequacics
Conuequences of failure Apparently minor
Material properties
Yield strength, Y (MPa) 131
Ultimate strength, U (MPa) 150
Fracture toaghness, Kjc (MPasy'm ) 15.2
Ductile-brittle transition
Temperature (°C) N.A,
Criterion N/
Ki/Y &/m) 0.12
Operating conditions
Operating stress, 0, (MPg) Unknown
Residual stress, og (MPa) Unknown
Tekal sur s, a, + og (MPa) NA.
Temperature at failure (°C) Ambient
Flaw
Size (mm) Unknown (se¢ notes)
Shape Unknown (see notes)
Fracture-mechanics analysis
Stress intensity, K (MPasy/'m ) Unknown (see notes)
K/Kje N.A.
oloy NA.

Notes: Stress corrosion cracking is likely cause of critical flaw; hatch cover thai failed was lost but similar cover contained
edge crack 108 mm deep, fracture mechanics analysis, using estimates of stress and flaw size, suggested that failure was

plausible

Source of data: M. T. Kaplan, T. Willis, and R. L. Bamnett, “A Pressure Vessel Haich Cover Failure: A Design Analysis,”

ASTA STP 918, pp. 46-64, 1986.

13 NUREG/CR - 5860
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Component or structure
Section size/shape
Material

0 - fit
Cause of failure
Consequences of failure

Material properties

Yield strength, Y (MPa)
Ulumate sirength, U (MPa)
Fracture toughness, Kic (MPa=Vm )
Temperature (°C)
Criterion

Ki/Y &/m)

Operating conditions

Operating stress, 6, (MPa)
Residual stress, og (MPz)
Total stress, 0, + op (MPa)
Temperature at failure (°C)

Flaw

Size (mm)

Shaps

Fracture-mechanics analysis

Stress intensity, K (MPasvin )
K/Kje
aloy

NUREG/CR-5860

Log No. §
FAILURE ANALYSIS CASE STUDIES

Date: February 24, 1990

Compressor blade

1.7 m long; failure in shank, 152-mm diam x 229-mm length
Aluminum 2014-T6

High-speed rotation

Faugue

Not stated

415 (Handbook)
485 (Handbook)
24

N.A.
NA.
0.06

34 (see notes)
Not stated

34

Ambient

100 (see notes)
Through crack growing in axial direction

>26 (see noles)
>1.1
0.08

Notes: Initial defect was surface flaw 0.13 mm deep by 25 mm long. Similar scratches were detected on surfaces of other
blades.

Tabulated

critical flaw size corresponds 1o Stage /11 fatigue transition; oporating stresses are cyclic values at Stage nan

Source of data: R. G. Hampton and H. G. Nelson, “Failure Analysis of a Large Wind Tunnel Compressor Blade,” ASTM
STP 918, pp. 153-180, 1986.

16
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Appendix

Log No. 6 Date: March 2, 1990

FAILURE ANALYSIS CASE STUDIES

Operating stress, 0, (MP.)
Residual stress, op (MPa)
Tota! stress, 0, + og (MPa)
Temperature at falure (°C)

Flaw

Size (mm)

Shape
Fracture-mechanics analysis

Stress intensity, K (MPasy/m )
K/Kje
o/oy

2 reraft honzonta! stabilizer

46 mm x ¢.70 mm/rectangular section with extension arms
Aluminum 7079-T6

inlermittent cyclic loading

Fatigue

Plane crash, six deaths

470 (Handbook)
535 (Handbook)
30-35 (author estimaie)

N.A.
NA.
0.06-0.07

104

0

104
Ambient

31 (see notes)
Irregular quarter-circle comer crack

2
08-1.1
022

Notes: Crack propagated by fatigue with occasional long jumps interspersed; analysis is of first long jump, which arrested

due 1o load vansfer.

The very irregular crack front makes the stress-intensity calculation extremely approximate,

Source of data: 1 C. Howard, “Failure of an Aircraft Horizontal Stabilizer,” ASTM STP 918, pp. 259276, 1986.

R S ] L T e
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FAILURE ANALYSIS CASL STUDIES

{ DO ) u Swaging
y Iy ! 1 ! DIOCK wilth 44
Materia e q
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quen { ol N a
Material properties
Y 1l gth, Y (Ml Ky
lumate strengtl Mi N.A
Fra ) woug!t 3 MPa- r e )
L - 1e transitiks
Yeratur N
A HET) N A
F 1 y I
Operating conditions
(Jpera g st > M
" fual stress. op (MPa N sted
o 3o + OK M§
perature at Ia A\
Flaw
M2¢ { .
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Fracture-mechanics analysis
i intensity, K (MPae X v
KK ¥ A
'] Y o,
) 4
Notes: Inner surface of die was hard and we or than intenos DIOCK due K« v hardenabili ]
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Log No. 9 Date: March &, 1990

FAILURE ANALYSIS CASE STUDIES

Component or structure Ligusd propane gas cylinder
Section size/shape 1.28-m-long x 336-mm-OD x 3 3-mm-thick/cylinder
Material Plain carbon steel
Operating corditions 1.38-MPa prossure
Cause of failure Manufacturing defect
C_nseouences of failure Multiple failures; consequences not stated
Material properties

Yield strength, Y (MPa) 335

Uliimate strength, U (MPa) ; 492 (sec notes)

Fracture toughness, Kjc (MPasy/m ) 80 (see notes)

Ductile-brittle transition

Temperature (°C) Not stated
Criterion Not stated

Ki/Y 6/m) 0.15
Operating conditions

Operating stress, 0, (MPa) 78

Residual swress, oy (MPa) Unknown

Total stress, 0, + og (MPa) See notes

Temperature at failure (°C) Not stated
Flaw

Size (mm) 400450 long x 1.3 deep

Shape Elliriv: 4 surface
Fracture-mechunics analysis

Stress intensity, K (MPasvm ) 1

K/Kje 022

o/ay 023

Notes: Sieel near failure was harder than away from failure.
Toughness data is from one specimen only; two other specimens failed by ducule fracture.

Authors suggest that discrepancy betwesn K and K is due 10 unknown residual stress and local embrittlement associated
with insufficient postweld annealing.

Source of data: K. Mogami et al., “Failure Analysis of a Liquid Propane Gas Cylinder,” V., §. Goel, od., Analyzing
Failwes, ASM, Metals Park, Ohio, pp. 75-80, 1988,
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Log No. 15
FAILURE ANALYSIS CASE STUDIES

Component of structure Amraonia preas o vessel
Section size 'shape 7 m long x 1 m i « 62 =am eylinder
Material Mn-Ni-Mo steel
Operating conditions A0-MPa pressure
Cause of failure Hydrogen embrittement
Consequences of fuilure Vessel completely destroyed
Material properties

Yield srength, Y (MPa) <1160 (see notes)

¢. 1160 (see notes)

Fracture wughness, K. m) 40-50 (see notes)
Ductile-brittle transition
Temperature (°C) 90
Criterion 40-J Charpy impact energy
KiY Wm) 0,04
Operating conditions
Operating stress, @, (MPa) 256
Residual stress, og (MPa) Unknown
Total siress, 0, + og (MPs) 256 (est)
Temperature at {ailure (°C) 25
Flaw
Size (mm) 4 mm decp
Shape Thumbnail
Fracture-mechanics analysis
Stress intensity, K (MPasvm | 70 (see notes)
K/Kye 14-1.75
o/oy Unknown

Date: March 31,1990

Notes: Reported toughness is that of base metal, fracture initiated in weld HAZ of unknown toughness. HAZ had Vickers

hardness of 353, which was used 10 estimate an upper bound on strength.

Source of data: 1. . Harrison, §. G, Garwood, and M. 1. Dawes, “Case Studies and Failure Prevention in the
Petrochemical and Offshore Industries,” pp. 281-295 in Fracture and Fracture Mechanics Case Studies, R. B, Tait and
G. G. Garrett, Eds., Pergamon, Oxford, 1985,
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Component or structure
Section size/shape
Material

Operating conditions
Cause of defect

Material properties

Yield strength, Y (MPa)
Ultimate strength, U (MPa)

Fiacture toughness, Ky (MPasVm )

Ductile-brittle transition

Temperature (°C)
Criterion

Kio/Y &)

Operating conditions

Operating stress, o, (MPa)
Residual stress, og (MPa)

Total stress, 0, + og (MPa)
Flaw

Size (mm)

Shape
Fracture-mechanics analysis

Stress intensity, K (MPasvm )
K/Kje
oloy

Log No. F2* D

Appendix

April 4, 1990

FAILURE ANALYSIS CASE STUDIES

Pressure vessel

450 mm diam x 35 mm thick/cylinder (see notes)
Carbon steel

90-MPa pressure, “elevated” emperature

Weld cracking

281 (see notes)
465 (see notes)
65 at 10°C (see notes)

5
NDT
073

90
100-280
190-270

64104 (est)
Not stated

Not stated
<().48-1.27 (see noles)
0.68-4.96

Notes: Flaws detected at fillet-weld attachment during in-service inspection. Operating stress is tabulated; investigators
svggesied that this stress could be maintained safely at elevated operating temperature but recommended lower pressures
for cold startup and shutdown. Mechanic al properties were measured on steel similar 10 that in the vessel. K/Kj. was
calculated from the square root of actual crack size 1o critical crack size.

Source of data: O.J). Dunmore and A. J. A. Parlane, “Fracture Mechanics Analysis of a Fillet Weld d Attachment in a
Pressure Vossel,” paper 32, Fitness for Purpose Validaton of Welded Construction, Welding Institute, “ambridge, 1982,

*No failure; analysis of a structure operating safely although containing & defect.
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Component or structure
Section size/shape

Materis!

Operatiny conditions
Cause of defect

Material properties
Yield swength, Y (MPa)
Ultimate strength, U (MPa)
Fracture toughness, K. (MPysy/m )
Ductile-britt'e transition
Temperature (*C)
Criterion
Kio/Y Wm)

Operating conditions

Operating stress o, (MPa)

Residual stress, og (MPa)

Total stress, 0, + op (MPa)
Flaw

Size {(mm)
Shape

Fracture-mechanics analysis

Stress intensity, K (MPasvm )
KKy
a/oy

Log No. F4*

Appendix

Date: April 7, 1990

FAILURE ANALYSIS CASE STUDIES

Railway drawhar

Size not stated/rectangular cross section of three-piece
welded construction

Carbon steel

Vanable wensile stress

Weld defects plus fatigue

450-500 (dynamic)
490 (static)
a5

Not stated
NA.
0.09-0.10

165 (dynamic)
100 (est.)
265 (est.)

K (maximum allowable, see notes)
Nol stated

Not staled
0.52 (see notes)
0.53-059

Notes: Objective of study was 10 determine maximum allowable defect size for NDE; wurst-case operating conditions

were not chosen 1o determine defec size since the
allowable defect size 1o critica! Mlaw size.

Source of data: R. A. Armstrong and D. F. Counon,
Railway Drawbar," paper 7, Fitness for Purpose V

y were considered only remotely possible; K/K, is square root of ratio of

“The Determination of Acceptance Criteria for Flash Bun Welded
‘alidation of Welded Consiruction, Welding Institute, Cambridge, 1982,

*No failure; analysis of a stracture operating safely although comaining a defect.
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