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SYNOPS IS

This repcrt summarizes the results of fracture mechanics and fatigue
evaluations which were performed for the Perry Nuciear Power Plant Units 1
and 2. These evaluations were performed for several reglons of the

contalnment structures as fol iows:

e Inaccessibie locations In weld Joints 1-1 and 2-1 which hLad weld

Indications

e Three Inaccessible weld locations In Joints 1-4, 1-7, and 1-9

-

b
In these last three locations, Incomplete radlographic Information exists

to establ Ish the existing defect size (for example, whether or not full
repalrs were made); however, suffliclient data do exlIst to characterize the
maxImum extent of a defect that could remain In the structure and thls
potential defect has been analyzed.

The evaluations that were performed required three types of Input data.
These data were stresses, both appllied and weld resicual stresses, flaw
gecmetries and material properties.

Recently, revised stress data were suppllied by Gllbert Assoclates for the
contalnment. Bounding cycllical and steady state stresses were Incorporated
to provide an analysis that results In a conservative evaluation of the
weld Indications. A conservative residual stress determination was also
made by assessing the appropriate experimental data.

Flaw data were obtalned from radlographic enhancement technlques performed
on supplled radlographs. The radlographs provided contalir defects which
were deemed rejectable according to the criteria of ASME Boller and
Pressure Vessel Code Section iil, Subsection NE-5320. These technliques
were used to provide accurate sizing of the Indlications. Such



determinaticns remove some of the conservatism which has traditional ly been
used to assess structures with defects In the absence of actual flaw slze
data.

Material properties such as strength, fracture toughness and crack growth
rates were determined using avallable Certified Material Test Reports and
by comparison to generic data obtalned from the open |lterature.

The results confirm that crack growth by fatigue Is smal |l over the design
plant lifetime, even assuming conservative stress leve!s, bounding Initial
flaws and worst case crack propagation rates. Furthermore, It Is shown
that the applled stress Intensity values reached during and after such
growth are less than the critical value to cause structural fallure. fThe
conservative result of the |Inear elastic fracture mechanics methodo ogy
used In this work Is then conflrmed using both elastic-plastic and net
section col lapse (or |ImIt load) methods. It Is shown that relatively long
and deep flaws can be tolerated even with the conservat!ve ass'umptions
which have been made.
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Section 1
INTRODUCT ION

A rev'cw cf radlographs for the Perry Nuclear Power Plant Units 1 and 2,
has found certain contalnment welds that contaln potentially rejectabie
Indlications, when evaluated per th2 requl~ements of ASME Boller and
Pressure Vessel Code Section ill, Subsection NE-5320 (1=1). This
subsection provicss accept/reject conditions based on workmanship
standards. The radiographs can be grouped Into two loglical reglons of
Interest. - =
The first group of weld Indications are found In radlographs assoclated
wiih weld joints 1-1 and 2-1. These weld locations are inaccessible. They
are located In the containment wall (see Figure 1-1) In double sided butt
welds and are covered on the Inside of the contalnment by a doubler plate.
Indications have been found that would be conslidered rejectable by ASME
Boller and Pressure Vessel Code, Section || criterla. These radlographs,
determined by Level 1| evaluation to contain rejectable Indications,
Include 21 radlographs of weld 1-1 and 43 radlographs from Inaccessile
reglons In weld JoInt 2-1 of Unlt 2. The weld Imperfections on these
radlographs were sized using enhancement techniques and conservative
Interaction criteria. The stresses in Units 1 and 2 are Identical, so that
bounding defects were developed considering both Unit 1 and 2 Indications.

The second group of Indications consists of three spec!fic weld locations
In Joints 1-4, 1-7 and 1-9. Weld JoInt 1-4 has a defect at location
(79-80) 11-.2, which has been sized at 2 3/4" long and 1/16" In height. It
appears to be a plate delamination (CD-139, Attachment 4).

In weld JoInt 1-7, at locatlon (110=111) 25-26, the flim shows a
questionable Indication. If this location were accessible the disposition
would be to grind and retake. In addition, the flIm Is In question because
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It does not cover the full Indication. At max!mum, It would be a 9/16"
long slag lline (CD-139, Attachment 3).

In weld Jolnt 1-9, at location (134~135) 24-25, the fllm has no
Indications, however, the adjacent film did have repair which extended Into
this station. A slag Inclusion may stil| be present, maximum length equal
to 1 3/4" (CD-139, Attachment 3). These locations are also Inaccessible
and the existing radiographic Information can be used to provide worst case
estimates of defect size remaining In +he structure, or of the possible
Incomplete repairs.

All welds have been fabricated using E7018 weld metal. The defects are
completely contained In the weld metal except In joint 1-4 where the .
Indication Is In the base material=SA516 Grade 70. The concern In each
case |s that the Indications If unrepalred, may lead to early structural
tallure. This report addresses that concern and does so by evaluating the
potential for defect growth by a fatigue mechanism and concurrent or
subsequent fallure by fracture.

The remainder of this report consists of slx sections. Section 2.0
outlines the analysis methods that have been used to evaluate the defects.
The next four sectlons Introduce and discuss Input to the analytical model.
They are: the evaluation of stresses-both app!led and reslidual (Sectlion
3.0), characterization of materlial properties (Sections 4.0 and 5.0), and
results of the enhancement work performed (Section 6.0). Sectlon 7.0
provicdes the results of the analysls performed. Conclusions and summary
are provided In Section 8.0. Throughout the report, reference Is made to
documents which have been used to provide Input Information to the
analysls. These documents which are considered control led under the
requirements of the Aptech quallty assurance system are designated
Control led Document (CD) and are referenced In Appendix D of this report.
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Sectlon 2
ANALYS IS ME THODS

The fol lowing sections discuss those aspects of fracture mechanics and
fatigue theory which were used In the analysls of the present problem. A
presentation of general fracture mechanics background (2.1) Is fol lowed by
2 discussion of methods of analysls to assess fatigue growth (2.2).

2.1 Eracture Mechanics Background

The fallure behavior of structures under monotonic (slowly Increastng}
loading can be classified Into three regimes In which a specific fype'of
fallure mode Is appropriate. These three regimes cover brittie fracture.
ductile fracture and plastic collapse. The disclplines required to assess
these regimes are:

® Linear Elastic Fracture Mechanics (LEFM) - The structure falls
In a brittie manner and, on a macro scale, the load to fallure
occurs within nominally elastic loading.

® Elastic-Plastic Fracture Mechanics (EPFM) - The structure falls
In a2 ductlle manner, and significant stable crack extension by
tearing may precede ultimate fallure.

® Fully Plastic Instabllity (Limit Load Theory) - The fallure
event Is characterized by large deflections and plastic
strains associated with ultimate strength col lapse.

A dlagram that shows the relationshlp between critical or fallure stress
and flaw size for the three fallure modes Is glven In Figure 2-1. The
shape and position of the fallure locus will depend on the fracture

toughness (ch) and strength properties (o, ) of the materlal, as well
as the structural geametry and type of loading.
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21 Linear Elastic Fracture Mechan!cs (LEFM)

The principles of Iinear elastic fracture mechanics (LEFM) are
applled to assess quantitatively the conditions for brittie fracture.
Brittle fracture consists of two separate events: (1) the Inltiation of a
crack, and (2) the subsequent propagation of the crack to complete fallure.
Each of these events, Initiation and subsequent propagation, has different
cnaracteristics. For ferritic structura! steels of the SAS16 type and
carbon manganese weld metal of the E7018 class, the resistance to a
propagating fracture Is usually lower than the resistance to fracture
Initlation under slowly applled loads. This Is because steeis of this type
ere sensitive to loading rate; the high loading rates assoclated with a
running crack lead to higher yield strength and, hence, lower values ?f
fracture toughness. In constant load situations, therefore, cont!nued
crack propagation Is expected once the fracture has inltiated. For this
reason, no attempt Is made to evaluate the characteristics of the
propagating crack after it has Initlated, and the criterlon of fracture
Initlation Is used as the definition of fallure In the fracture analyses.

Fracture Initiation occurs at a defect when the crack driving force exceeds
the material's Inherent resistance to crack Inltiation, or fracture
toughness. The crack driving force Is a functlion of the stresses acting on
the defect and the geametry of the defect. The stresses which act on the
detect Include both primary (applled) stresses and secondary (Internal)
stresses. Examples of secondary stresses are reslidual stresses and thermal
stresses that are In equillbrium across the section. The manner In which a
structure will fall will be determined by the Interaction of the defect
gecmetry, loading. and material toughness.

In Iinear elastic fracture mechanics, the most useful parameter for
characterizing the behavior of cracks Is the stress Intensity factor Kl.
which describes the magnitude of singular stresses ahead of a crack In a
Ilnear elastic body loaded In tension. For loading normal to the crack
plane (Mode 1), fracture Initiation occurs when the applled stress

Intensity factor, KI. equals or exceeds some critical value, which Is
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called the fracture toughness of the materlal. The applied stress
Intensity factor can be written In the form:

K' =  Co/na (2.1)
where o Is the acting stress, a 's the characterist!c flaw dimension, and C
Is a parameter which accounts for the flaw shape, structural geometry, and
the type of loading. in general, { s a function of a and In many cases
must be evaluated numerically. Fracture will occur uder quasi-static
loading when,

TSR T (2.2)
| Iz

-~ -

(l.e., when the applied stress Intensity factcr equals or exceeds fﬁgf'
static fracture toughness, K ). 71hls reans that the occurrence of
fracture Is control led by: (?) the stress ieve!, (2) the f'aw size, and
(3) the fracture toughness. For sma!l flaws, low stresses and high
toughness, the applied K will not reach K!c' and fracture will not occur.
These reiationships are relevant for materlal preperties getermined under
plane str-aln, |inear elastic condltions.

To determine the significance of the Inaccessible defects In question, It
I's necessary to know the material fracture totghness, acting stress level
and actual distribution of defect sizes and shapec. Know!ng any two of
these parameters, one cen solve for the third. For example, the critical
flaw slze to cause fallure is calculated from:

1 lc \
& & == (2.3)
¢ "G\ ¢/
It both the toughness (K ) and the stress level (o ) are known.
- c
Conversely, the critical appl!ied stress as a function of crack depth can be
computed from,
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C/ra (2.4)

Although these conditions most approprlately describe the behavior of low
toughness, high strength materials where |ittle ducti!lity precedes
fracture, the use of ch as & toughness measure for elther SA51€ steel or
E7018 weld metal ensures a conservative estimate of critical flaw slze for
brittie fracture, since 1o account Is taken of the Increased toughness
which results from post-yleld (transitional) behavior. Incorporating
transitional behavior with more pre-fracture duct!! ity gives Increased
toughness levels and decreases the susceptibllity of the structure to
fracture from a given sized flaw. The temperature dependence of toughness
properties means that at ambient or higher temperatures, both SA516 steel
and E7018 weld metal are above thelr lower shelf values on a fracfurgf'
energy versus temperature curve. This In turn Implies that the use of
standard elastic fracture mechanics wil| be conservative. Elastic-plastic
crack opening displacement (COD) concepts have been used as a check on
structural integrity. Elastic-plastic fracture mechanics concepts are
discussed In the next section.

2.1.2 Elastic-Plastic Fracture Mechanics (EPFM)

The basic principles of EPFM have been developed over several years

(2=1, 2=2, 2-4) and one national standard exists for crack opening
displacement (COD) testing (2=3). This method uses crltical COD values (as
measures of the material toughness) which are not avallable for the actual
fleld material. A review of the |lterature (notably 2-6) was made to check
the appropriate material characterlistics.

One of the best methodologies for EPFM evaluation, the British Standards
Institution publ Ished document PD6493:1980 (2=7), utlilzes crack opening
dlsplacement (COD) concepts. In principle, the critical condition Is
reached when the applled KI or COD (48) reaches the resistance level of
toughness necessary to cause fracture (ch or sc). The COD method Is
completely compatible with the LEFM approach (2-8) and can be used In place
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of the K' method. For applled stresses well below yleld,
c

Be a
3 = -1¥— log. sec (%- ﬁh) (2.5)

v

where & Is the developed COD; e and 0 are the yleld strain and ylel¢
stress ot the reglon In which fhz defoc¥ Is slted; o Is the applled
stress; and a Is the half crack length of a center-cracked plate model.
It can be seen from Equatiun 2.5 that as ¢ approaches o , the developed
COD becomes Infinlte. This only occurs for the o!asflc!porfecfly-plasflc
material behavior that was assumed for the development of Equation 2.5.
For materlals that work harden, the relationship between COD and appl led
strain (for stresses above yletd) has been determined by analytical,
numerical, and experimenta! methods (2-9, 2-10). . &

As In LEFM, once the stresses and mater|al propertles have been
characterized, It Is possible to detarmine the allowable flaw slze to
prevent fracture Initlation. It Is then possible to determine the expected
margin of safety between the flaws that may be In the structure and those
necessary to cause {alliure.

2.1.3 Limlt Load Analysls

As the slze of a critical flaw Increases, a regime Is entered In which
Increasing materlai toughness no longer can prevent Inltlation of a crack
under monotonic loading. The Initiatior criterion becomes !ndependent of
toughness and now Lecomes a function of the strength propertles of the
material and the remaining ilgament of material. In th!s regime, a |imlt
load or plastic col lapse ana!ysls describes the governing fallure mode.

For Iimlt load analysls, the critical stress to cause fallure Is calculated
from an Interaction relation common In the analysis of steel structures.
This relationship between the applled membrane load (P) and bending moment
(M) at fallure In a beam or plate with a rectangular cross-section Is:
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2
( P \’ < M)
o * r— = ‘
r M (2.6)

where P and M are the applled loads, and Pt and M‘ are the limlting
values of P and M. The magnltude of P_ and M‘ are functions of crack
length a, flaw geametry and materlal propert’es.

The limit load of P‘ le determined from the geometry of the section and

the materlal properties. After the reduction in area due to the flaw Is
accounted, the |Imit load can be expressed In terms of a |Irit stress and
the geometric variables. The |Imit stress Is normally the materlal yleld
strength when the material behavior |s assumed to be
elastic-perfectly-plastic. However, for materials which exhIblt
significant straln hardening, o could be somewhere between yleld and;’
uitimate strength, and the appropriate valus to use should be de#ormfnod by
tests.

For this analysis, we use a2 flow stress which Is the average of the yleld
and ultimate strengths, l.e.:

o = (0 +0 )/Z (2.7)
4 y uts

where o Is the flow stress, o the speclflied minimum yleid stress and

o " the speclflied minimum ul?¥mafe strength.
uts

Once the |imit conditlions have been calculated, Equation 2.6 and the
expressicns for applled membrane stress as a functlon of pressure and
appl led moment can be used to determine the fallure condition.

A limit load evaluation has been made In conjunction with LEFM methods In
the present case.

2.1.4 Summary of Fracture Mechanics Background

The fallure behavior of structures under monotonic loading can be
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classifled Into three regimes. Of these, |Inear elastic fracture mechanics
has been determined to be most applicable to the current materlal and
service conditions. Bounding studles based on elastic-piastic and plastic
IImit load analyses have also been performed.

2.2 Eatigue Loading

r o 48 Analysis Method

The preceding discusslon addressed the case of monotonic loading. In the
present case, there are a small number of cycllc loads which may occur on
the contalnment structure. This section discusses the way In which these
loads can be evaluated In the |ight of the previous discussion. ' ; 

Fatig.e evaluation, based on fracture mechanics, assumes that Initlal flaws
are present of slze a' and that the |Ifetime of a component Is that
required for a crack to grow from the Inltial size, a,, to the critical
size, a . Crack growth rate data may be correlated to the crack t!p
stress ?nfenslfy factor range (AK) for the glven load cycle In the
following form:

da/dN = f(AK) (2.8)

where da/dN Is the crack growth per load cycle. By Integrating Equation
2.8 with the appropr.ate component stress fleld to calculate K, the number
of cycles, N, (residual life) for a crack to grow from al toa Is

c
computed from:

d
" agT 2. (2.9)
da/dN
®

The final flaw size expected at the end of the gesign life, &g, Can be
determined by integrating Equation 2.8, using the appropriate stress
distribution to calculate K, and the number of total design cycles No from



2-9

a
f da
No - 'I. =0 (2.10)

da/dN

where Equation 2.10 Is a transcendental expression Involving af and must
be solved by an |terative process.

2.2.2 Crack Growth Rate Representation

Many empirical relations to express da/dN behavlior have been proposed;
the earlliest and most well known Is the Parls rule (2=11) which takes the
form,

n
da/dN = CAK (2.11)

b
where C and n are constants determined from the data, and AK Is the range

of applled stress Intensity factor computed from the minimum and max!mum
stress In the cycle:

AK = AK - AK (2.12)

The advantage of the Paris relation Is that It Is simple In form and It
fits experimental data well In the middle range of AK. A dlsadvantage of
the relationship Is that it does not directiy account for mean stress
effects (R-ratlo effect where R = K /K ) which can accelerate

fatigue crack propagation. Hovever? ?hc::xcffocfs are accounted for In the
cholce of experimental data used In the m>del Ing procedure.
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Sectlion 3
ANALYSIS OF STRESSES

The analytical model discussed In Section 2 requires as Input the
characterization of the stress state present In the contalnment sheill
courses. This sectlon discusses both the primary and secondary stresses.
The primary stresses are the applled stresses assoclated wlth dead load and
cycllc service stresses. The secondary stresses, In thls case, are the
residual stresses due to welding.

3.1 Secondary Stresses e

-

The welds under conslderation are double sided butt welds. A |lterature
review wec performed to characterize the resulting distribution of residual
stresses In thls type of weld. The weld has stress components transverse
to the weld and longltudina! or parallel to the weld, each with
through=thickness distribu® ons. A schematic of these applicable
distributions Is shown I+ Figure 3-1., For this analysis the flaw location
was assumed to be at the centeriine of the plate which Is the location for
the maximum transverse stress. The flaw location was also assumeu to be at
the location of maximum longltudinal stress. The transverse distribution
through-the-thickness wll | vary as shown in Figure 3-1.

Figure 3-2 shows single sided butt we!d resicual stress data transverse
through *he thickness. This flgure Is a composite of normalized
experimental data based primarily on work done by Nordel!l and Hall (3=1).
In thelr work, the base plate was ASTM A212 Grade B (precursor to SA516
Grade 70) with double-V butt welds of E7018 materia!. The applicable
thicknesses tested were 1 Inch and 1 5/8 Inches, requiring 12 and 30 weld
passes, respectively. The two thicknesses cemonstrated simllar through
thickness transverse stress dlstributions. Also shown In Figure 3-2 are
residual stresses measured by others (3-2, 3=3).
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Figure 3-1 Schematic Standard Assumed Residual Stress Distributions
in Plates Without Fixed Ends for a Double-Sided Butt
Weld: (a) Longitudinal, (b) Transverse, and (c) Transverse
Through Thickness.
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Figure 3-2 Residual Stresses of Single 5Sided Butt Welds, Transverse Through Thickness
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From these data, a simplifled through thickness transverse residual stress

distribution was developed. This Is shown In Figure 3-3. The distribution
assumes yleld level residual tensile stresses at the surface through 10% of
the thickness. The tensile stresses then decrease to compressive res!dua’
stresses equal to one half yleld at the mid-thickness. Thls dlstribution
Is then reflected about the center!ine of the double sided butt weld to
achleve a symmetric and complete distribution. Since any residual stress
distribution must be sel f~equlllbrating, the cholce of values taken here
will be conservative. The sum of the tensile portlons Is larger than the
compressive portions and the maximum values have been assumed un!form
except In the through thickness dlirection.

5.2 Primary Stresses

The primary stresses for analysls have been obtalned from unlt stress
calculations for joint 1 (CD-130) for weids 1-1 and '-2; and from Joint 5
(CD-139) for welds 1-4, 1-7, and 1-9. The stresses In welds 1-7 and 1-9
are substantially less than In weld 1-4 (see CD-139 attachment 6). A
bounding case has been formulated for welds 1-7 and 1-9 using the stresses
In joint 5 (elevation 592'-2"). These stresses are summarized by JolInt
number and Load Combination for each joInt and the app!icable load
combinations. Since the flaws found are orlented parallel to their welds,
tre stresses In the longlitudinal direction apply. A schematic dlagram of
flaw orlentation and appllicable stress component Is shown In Figure 3-4.

The approach taken was to determine the most highly stressed JoInt and |oad
combination for the appropriate seam welds. These bounding cases could
then be app!led to any weld defect, regardless of location, to assure a
conservative analysis. In fact, two primary stress distributions were
obtalned for each weld orlentation; one for the fatigue analysis and the
other for the fracture analysls.

In order to understand how these stresses were determined, It Is necessary
to review the tabular stress data as It was provided. Table 3-1 Is the
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stress summary for Joint No. 5. From this table one can see that the
longltud’'nal and circumferential stresses are broken down Into thirteen
load components and are then summarized at the bottom of the table Into
four load combinations. These load comblnations represent max!mum loadlng
conditlons. Some of these load components act at all times, some act
cyclical ly over the |ite of the plant, and some may act only once. The
load components falling Into these three categor!es are summarized In Table
3-2. For a fatigue analysls the cycllc loads are of primary significance
and are superimposed with the continuous or steady state loads. For a
fracture analysis the most significan® loads are those producing the
largest stress, which by observetion of Table 3-2, are those load
combinations that Include the single event loads.

e
Table 3-3 Is a summary of the cyclic stresses that govern the fatigue
evaluation. There are other cycllc ‘oad components. However, the
control ling load components In a glven load comblnation are those |lsted In
Table 3-3. Thus, In order to simplify the analysls and provide
conservative results, ali critical load combivations were evaluated for
16,800 cycles, regardless of wnich cycllc load components the load
combinations Include. Table 3-4 shows the approprlate load combination
components.

For weld seams 1-1 and 2-1, the stresses taken at JolInt 1-1 (elevation
575'-1") were used, as shown In Table 3-5. For welds 1-4, 1-7, and 1-9,
weld seam 5 stresses were used to bound the applled stress condition.
These primary stress flelds were combined with the assumed resldual stress
fleld for the analysis.

3.3 Combined Stressas

The total stress consldered for the evaluation of a defect consists of the
sum of the primary and secondary components. Both sets of stresses have
been chcsen to bound the sxpected stress state conservatively. For
analytical purposes, they have been superimposed with elastic
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Table 3-2
CLASSIFICATION OF LOAD COMPONENTS BY FREQUENCY OF OCCURRENCE

Continuous or Steady State Loads

Dead Load
External Hydrostatic Load Due to Annulus Concrete Pour
Hydrostatic Pressure 18'-6"

Cyclic Loads -

."!

0BE ™
SSE
SRV Discharge - 19 Valves
SRV Discharge - One Valve, Ist Pop
SRV Discharge - One Valve, Subsequent
Mean Condensation Oscillation
Mean Chugging

Single Load Events

LOCA Pool Swell
DBA LOCA Thermal Stress
15 psig Static Internal Pressure




SOURCES

SRV Actuation
0BE

SSE

l TOTAL

NUMBER OF

OCCURRENCES

1860
5
1

Table 3-3
SUMMARY OF CYCLIC STRESSES

NUMBER CYCLES
PER OCCURRENCE

9
10
10

TOTAL NUMBER
OF CYCLES

16,740
50
10

16,800
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Table 3-4
LOAD COMBINATIONS EVALUATED FOR ANALYSIS

Load Combination

_Number Load Components
I DL + OBE + CONC + SRV1 + HYDRO + PS
I1 DL + SSE + CONC + SRV1 + HYDRO + PS
IT1 DL + OBE + CONC + SIP + SRV19 + CHUG + HYDRO
Iv DL + OBE + CONC + SIP + SRV, + CHUG + HYDRO + LOCATHERM
. f'
DL = Dead Load
0BE = Operating Basis Earthquake
SSE = Safe Shutdown Earthquake
CONC = External Hydrostatic Load Due to Annulus Concrete Pour
SIP = 15 psisy Static Internal Pressure
SRV19 = SRV Discharge - 19 Valves
SRV1 = SRV Discharge - One Valve, First Pop
SRVZ = SRV Discharge - One Valve, Subsequent Pop
CHUG = Mean Chugging

HYDRO =  Hydrostatic Pressure 18 -16"
PS = LOCA Pool Swell

LOCATHERM DBA LOCA Thermal Stresses



Table 3-5
BOUNDING SERVICE STRESSES FOR JOINT

Stress (psi)

Location Insice Qutside
Stress Component
Thermal 633 -5857
Hydrostatic 421 -818
Design Pressure 2794 836
Dead Load -492 -659
PSRV 1085/-1847 -2078/9639
co 146 279
SSE +731 +2194
OBE +555 +1664
Load Combination Stress Range (psi)
I 1569/-2473 -1891/498
I1 1805/-2709 -1361/-32
IT1 4509/175 -776/1085
IV 5142/808 -6633/-4802

(From (D-130)

Gilbert Ref. Letter PY-STR-1555
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pei fectiy-plastic materlal beiavior.

The cyc!lc (primary or service) stresses are added tc the reslidual stress
distribution such that the maximum stress does not exceed the assumed yleld
stress of the material. The yield stress used for developing this
distribution Is 78.6 ksl (see Section 5).

L ey
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Section 4
FATIGUE CRACK GROWTH RATES

In order to estimate the maxImum extent of crack g-owth that could occur
at an Indication over the design |ife of the plant, a tatigue evaluation
was performed. This evaluation combined *he cycllc strasses (Section 3)
with the appropriate crack propagation rates (Sec'lon 4) to obtaln the
expected crack growth (Section 7).

The purpose of this section Is to assess propagation rates for defect
growth by a fatigue mechanism. With the exception of the poss'ble plafe
defect In weld jolnt 1-4, the defects are located In welGnents, thus.
requiring an evaiuation of carbon steel weld material crack growth data.
Retererces have been drawn together to estimate a conservative (that Is
fastest possible) bound on potential crack growth. Although no data are
avallable for the exact condit!on In ef fect, significant studles have been
performed to permit b nding vaiues to be estimated.

The fcllowling englneering unit conventions are In effect unless otherw!se
stated:

® 0K (stress Intensity factor range), ksl /In

e T (temperature), °F

® da/dN (crack growth rate), Inches/cycle

All waldments evaluated are composed of E7018 weld metal. Data avalladls
In the |lterature were col lected for a!l types of carbon steei weld metal
with an emphasls on E70!8. A study by Maddox (4=1), resulted In a
substantial amount of crack growth data for four different weld metals
Including E7018. The four types of test spec!mens from Maddox are
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summar [zed In Table 4-1 and the crack growth data for these specimens are
plotted In Figure 4-1. Crack growth data for the E7018 weld materlal (weld
metal C) are shown separately In Figure 4-2. Also shown on Flgure 4-1 Is
the bounding Iine from simllar testing on plain steels performed by Gurney
(4=2).

Other data from similar weld metals (4=3) with and wilthout stress rel lef,
fall within the upper bound shown In Figure 4-1 for Gurney (4=2). The
Ilterature also states that weld metals for Joining steels such as A516
Grade 70 exhiblt slower fatigue growth rates than the base metais (4-4).

Residual stresses may Increase crack growth rate (da/dN), but if these
stresses are Included In estimating crack growth rates, the data Iﬁdlgafe
that the bounding Iine by Gurney (4=2) wll| conservatively predict crack
growih for E7018 weldments. Figure 4-3 shows Gurney's upper bound which Is
represented by:

"10 3.44
da/dN = 2.63 x 10 AK (4.1)

The lamination-llke defect In weld 1-4 may propagate In e!ther weid
material or SA516 Gr. 70 base plate mater!al depend'ng on the exact defect
location and orlentation relative to the weld. Both cases were analyzed to
bound the possible effects. The growth rate used for SAS16 Gr. 70 mater|a!
was derlived In previous work for Gilbert Assoc!ates (4=3), based on
bounding curves developed from work by Bamford (4=6), and ASME Code Section
X! (4=7). Thle work provides a three point curve dapending on the relevant
cycllc stress range.

4 -10 3.76
da‘dN = 3.8 x 10 AK AK < 4.9

-]3 8.0
da/dN = 4.4 x 10 AK 11>4%>4.9

-6 1.4
da/dN = 3.16 x 10 AK AK>11




Table 4-1
TEST SPECIMENS FROM MADDOX*

YIELD ULTIMATE

None 74.4 88.0 A MIG deposit using CO, gas
shielding and 1 mm diameter
wire Type A-17 to BS 2901,
Part 2, 1960.

E7013 68.3 73.9 A manual metal arc deposit of
medium strength using a
BS 1719 Class E317-rutile
coated electrode. *

E7018.G 67.2 82.9 A manual arc deposit of medium
strength using a BS 1719 Class
E614 HJ Tow hydrogen electrode.

WELD AWS/ASTM STRESS STRESS
METAL CLASSIFICATION (ksi) (ksi)
B
B
C
L

*Ref. (4-1)

£5018.6 89.6 105.3 A manual metal arc deposit of
high strength made using a
BS 1719 Class E614 HJ low
hydrogen electrode.
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Stress intensity factor range, 2K (MN/m3/2)
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These values are shown In Flgure 4-3,

It should be noted that thls curve
Is very conservative relative to &1 experimental data reviewed and wii|

provide even mo~e coiservative results than the veld metal curve also shown
In Figure 4-3,
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Section 5
FRACTURE TOUGHNESS AND STRENGTH

8.1 Introduction

Two additional model Inputs to be discussed are the material properties;
fracture toughness and strength. As dlscussed In Sectlon 2, the applled
stress Intensity Is compared to a critical value which Is defIned as the
fracture toughness. Thus, to determine al lowable flaw slzes, the fracture
toughness must be characterized. Although no dlrect measurements of
fracture toughness were performed In the course of this work, Inference
about the level of fracture resistance Inherent In the materlal can bc made
by retorence to the Charpy Impact values which are ava!lable. The
background Is presented In Section 5.2. The data are dliscussed In Sectlion
5.3 for the contalnment welds and base plates (for possible plate
delamination of weld 1-4). Secticn 5.4 analyzes typical crack opening
displacement values to be used In the elastic-plastic fracture mechanics
evaluation. Sectlon 5.5 addresses the yleld and ultimate strength values
to be used In the Iimit load assessment. Certlfled Mater!al Test Reports
(CMTR's) (CD-4, CD-7, and CD=127) were analyzed to determine Charpy (CVN),
yleld strength and tenslle strength data. Controlled document 127 was
provided specificaily to conflirm the CMTR's for E701G used In Weld Joint
1=1 between seams 21-22 where the largest defects occurred. CD-4 and CD-7
were obtalned In previous work for Glibert and |1st data for many heats of
E7018 used In ~ontainment welds. These data have also been Included (see
Table 5-1) to Indicate the varlation In mater!al propertles.

5.2 Ecacture Toughness: Background

To use the analyses described In Section 2.0, It Is necessary to have the
appropriate valve of material fracture toughness In terms of the critical
plane strain stress Intensity factor (ch). Because of the excel lent
toughness In this material, these data are nct norma! ly avallable for we!d
metals such as E7018 at temperatures around 70°F. Valld ch data for
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Table 5-1

SUMMARY OF WELD PROPERTIES BY HEAT
(AS-WELDED)

WELD WIRE YIELD STRENGTH LIMIT STRESS AVERAGE TEMP.
QC# CMTR# (KSI) (ksI1) CVN (FT/LBS) (°F)
77NNI518 456 66.3 72.3 77.3 -30
77NNI540 472 78.1 83.2 69.8 -30
77NNIS63 493 63.4 70.3 45.0 -30
7BNNI004 552 68.8 75.7 82.6 -20
78NNIO13 557 65.8 72.0 95.2 -20
78NNI014 557 68.4 74.3 109.6 -20
78NNIO15 557 65.3 69.9 24.0 -20
78NNIO16 557 §5.5 71.4 85.0 -20
78NN1024 625 65.3 69.9 24.0 -20
*78NNI1100 596 78.1 80.7 62.0 -20
78NNI163 630 68.2 73.1 76.0 -20
78NN1164 630 63.8 69.0 115.3 -20
78NNI2C2 646 66.9 71.5 120.2 -20
78NNI221 653 68.1 73.9 86.8 -40
*78NN1224 655 66.3 72.6 101.0 -20
78NN1255 663 70.2 73.6 118.4 -20
79NNIO16 694 84.9 89.8 66.7 -20
79NNIO017 694 78.6 83.3 92.7 -20
79NN1018 694 67.2 72.7 114.0 -20
79NN1099 710 64.5 71.3 84.6 -20
79NNT100 710 70.9 76.4 102.4 -20
79NNI131 716 72.7 9.2 80.3 -20
79NNI161 729 65.3 71.5 56.8 -20
79NNI172 737 65.3 71.5 56.8 -20
8ONNIO17 746 74.8 79.5 81.0 -20
8ONNIO50 752 70.0 77.0 69.0 -20
*76NNI182 224 68.9 74.9 42.3 -30
*76NNI1Z18 256 68.5 74.3 85.7 -30
*77NNIOS8 398 7C.0 73.8 138.0 -30
*77NNIS19 69.0 73.8 113.3 -30
*77NNI589 520 69.7 73.7 109.7 -30

Taken from CD-4 and CD-7

* Included in CD-127



1.57 thick material are general ly only available at temperatures such as
-=100°F. However, It Is possible to Infer Information about the reiative
toughness of the present material from avallable CMTR's. There are several
correlations that have been proposed to relate Charpy energy to ch

values. These Include two emplirical relationships proposed and verlfled by
Barsom and Rolfe (5=1). The relationship for the transition temperature

regime Is:
2 3/2
K = 2 (CVN)
e (5.1)
£
where s e
" e
K' = Plane straln fracture toughness (ps! /Tn)
c
= Young's modulus (psl)
CVN = Charpy V=-notch energy (ft-lbs)

The corresponding relationship for the upper shelf regime Is:

’K' . o
c
= — [ow--—L
° c 20 (5.2)
y Y

where

o} = Material ylelc strength (ksl)

K: = Plane straln fracture toughness (ks! ,/Tn)

c

Barsom and Rolfe found that at 80°F, the upper shelf correlation was
appropriate for all material they tasted. All their {ests were with
material of yleld strength greater than 100 ksli, although they claim that
Equation 5.2 Is valld for materials with yleld strength less ti.an 100 ksl
If dynamic yleld strength Is used Instead of static ylofd sti ength.

Another common correlation, d e to Sallors and Corten, which was developed
for A533B and AS17F (5=2), is
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005
K| = 15.5 (CVYN) (5.3)
c

where

K = ksl /Tn
c
N = ft+=|b

O
- -

Pisarskl (3=3) who revliewed and verifled by experiment ten correlaticns
Including those |lsted abc.e, foina that good predictions can be obtalned
for high strength s“eels (o0 > 1'3 ksl). For lower strength steels, the
correlations tend to be genzrally conservative with the degree of
conservatism Increas!ng with decreasing yleld strength. Thus, elther
Equation 5.1 or 5.3 should provide conservative estimates of critical
fracture toughness. As a check, relations between critical crack opening
displacement value and ch are also avallable from Rol fe and Barsom'(sil)
and Egan (3=3), and take the form: :

5 e <
b b (- (5.4)
€ o]

y \

where
§¢ = Critical crack opening displacement (In.)

€y = Yleld straln (in/In) =0 /E

KI = Critical fracture foughnZss (ks! VTn)
c

o = Yleld Strength (ksi)
Y

A further evaluation of typlcal crack opening d!splacement (COD) values Is

found In Sectlon 5.4.

5.3 Joughness Yalues for Contalnment Welds

Speciflc certifled material test reports (CMTR's) were reviewed only for
wveld 1-1 between vertical Joints 21-22 (CD-127). Furthermore, CMTR's for
Perry containment stiffener welds fabricated using E7018 were evaluated In
ear|ler work by APTECH (5-6). These weld data are consl!dered
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representative of those that would be found el sewhere In the contalnment.

There Is 2 large scatter of Charpy V-notch (CVN) data as shown In Table
5-1. The range of test values represented there Is 24.0 to 138.0 ft-lbs.
The values given for CYN In the table are the "average." This Is the
average the 5 data polints |isied In the CMTR or 3 data points If 3 data
points are glven. |In order to be conservative, the lowest CVN value was
used to determine fracture toughness (K' ) of the weld materlal. Thus,
the 24 ft-Ibs. corresponds to a Barsom-ﬁolfe toughness value of 82.6 ksl
JTh. With the exception of this one heat, all other heats have calculated
ch values greater than 132.3 ksi/Th.

These values represent tough welds, particularly since the CYN tests ;ere
performed at a maximum temperature of =20°F. we.| below the operating
temperature. This fracture toughness value of 82.6 ksl/Th will be
conservative since:

e The Barsom-Rol fe correlation used to arrive at these values
has been shown to be conservative for materials with these
strength leveis.

® Most calculated K. values using thls correlation are
substantial ly abovd this level.

® The test “emperature used to evaluate K [s -20°F,

whereas a higher temperature during opelelon will result
In correspondingly higher toughness.

A lower bound determination of SA516 Gr. 70 toughness expected In the

contalnment structure was performed In previous work for Gilbert Assoclates
(3=2). This value was found to be 73.2 ks! YTn. Tne derivation of thls
result Involves considerable conservatism.
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Other values determined from Table 5-1 to compiete the anaiysls are yleld
strength and |Imit stress. The yleld stress Is used In determination of
residual stresses, as they are a function of yleld strength level. The
higher the yleld strength of the materlial, the higher the reslidual
stresses. Therefore, the upper bound yleld strength Is used to determine
the maximum possible resic¢ual stresses present. The !Imit strength Is used
In evaluating the limit load capaclty of the structure. The |Imit strength
(ot) Is defined as

o = (0 +0 )/2 (5.5)

4 y uts
where ¢ s the yleld strength and o s Is the ultimate strength. For
conseerflsm In the |Imit load analysls, lower bound values for yleld;and
ultimate strength are used In the determination of the |imit strength.

For yleld stress, a value 78.6 ks| has been used ang for Iimit stress, 66.0
ksi. (See Section 7.2) The conservatism lIs apparent In that the prescribed
yleld stress Is 12 ksl greater than the |imit stress used In the analysls.

5.4 Lrack Qpening Displacement (COD) Yalues

Crack opening displacement testing Is used as a dlrect measure of fracture
resistance. Lliterature data are avallable to provide typlcal COD values
for E7018. These are presented In Appendix A. These data were used In two
ways. Flrst, as a check In the derlvation of ch and second, as dlrect
Input to the EPFM analyslis.

A check on derlvation of the Kl value used can be provided by Equation
5.4. From the data In Appendlx A, the lowest COD value data at 32°F Is
023", For this value of COD, and for e, = 0.2%, o ¢ = 63.4 ksl (the
lowest strength materlal glven In Table 5-1), the resulting K le value Is

calculated as:



2
S . (_"_I_c)
‘y %
K' = 214.9 ks! /In
|

Thus, the value of 82.6 ksI/Tn taken In Section 5.3 corresponding tc a CYN
value = 24 ft+-lbs., Is very conservative.
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Section 6
CHARACTERIZATION OF FLAWS

|
The iinal Input required for the fracture mechanics evaluation Is flaw ‘
slze. The applled stress Intensity factor calculated oy llnear elastic
fracture mechanics methods and the net sectlion stress of the limlt load ‘
method will both require an accurate description of flaw dimensions. This {
will include both depth and length Informaticn. vergth Information Is

generally easier to obtain as the projection of length onto flim Is

obtalned by standard radiographic methods. Depth data have been less

easily obtalned without resort to volumetric examination by ulfrasonl@l

techniques or destructive testing techniques. For structural Integrity

evaluations an assumption has been genera: ly Imposed that conflnes the flaw

depth 1o one weld pass In multipass welds for certaln defect types. This

assumption will be conservative for porosity and slag Inclusion defect

types  However, In many Instances It may be overly conservative. Such an

assumption contining the expected defect depth to one weld pass wil| not

however guarantee conservatism for "|inear" defects |lke cracks, lack of

fusion and lack of penetration. To more fully characterize both types of

defects In the weld joints of Interest, a radlographic enhancement

technique has been used. This is dlscussed In Section 6.3 below. The

enhancement procedure also allows accurate length sizing of defects. When

combined with equations of Interact!on (discussed below), this a!lows the

analyst to determine if two adjacent defects or a serles of defects should

be most accurately represented as single Imperfections or treated as

continuous. The deta!ls of defect Interaction are dlscussed In Section

6.2. The fol lowing section discusses the effect on structural Integrity of

the rounded defect types, particularly slag Inclusions.

6.1 Ihe Effect of Slag locluslons on Structure lotegrity

Work by Harrison (6=1) has Indicated that slag Inclusions have |Ittle
effect on the tensile strength of butt welds up to considerable percentages




— e

of cross-sectional area. In support, he shows results of work by Ishll
(6=2) and by Kihara (£=3). These results are shown In Flgure 6-1,
Harrison further polnts out that by their nature slag Inclusions are
unlikely to occupy a large proportion of the cross-sectional area of a
glven weld and the weld metal will usually overmatch the base metal In
strength. The conciuslon to be drawn from these factors Is that the ef fe.;

of slag Inclusions on static tenslile strength In materials |lke E7018 Is

negligible. Harriscn conflirms that slze-for-size, slag Incluslons wil| be
less detr Imental than cracks because of thelr roundness and |Imitations on
thelr through-thickness size.

A simii’ar concluslon Is reached considering low cycle fatigue. Work_by
Ishii and lida (6=4) Is shown In Figure 6-2 and Indicates that s'ag J
Inclusions have ll+f:e effect on load-control ied low-cycle fatigue and up
tc Ilves of about 10 cycles. The design can thus be based on the static
tensile behavior. For the analysls of these Inaccesslble defects, the
structure may he subjected to as many as 18,600 rycles. This Is stil|
considered low-cycie fatigue for the purposes of our analysls, and the
effect of slag Inclusions will be wel |l characterized by the stetic loading
case, particularly In light of the relatively low magnitude of the cyclic
stresses (relative to the fully reversed |Imit level siresses used to
generate the S-N curves of Figure 6-2). Additional results glven In
figures 6-3 though 6-5 Ind!cate the ef fects on fatigue strength for high
cycle fatigue. The number of cycles required to enter a regime
characterized by substantial ef fects on |1fe Is shown to be at least an
order of magnitude greater than the design |ife In the present case.

In suamary, Harrison (&=1) states that there seems to be sufticlent
evidence to Indicate that under load-control led conditions, low=cycle
fatigue Is not 2 sroblem which will be Influenced by the presence of slag
Inclusions.

The tensile strength, o , of a defective butt weld will be elther
u
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o (1 - 8A/A)
u,w

u,p

or

whichever Is least. Where:

o = the tenslile strength oi the weid metal
Uuw

o = the tensile strength of the parent material
u,p

8A/A = ratlo of the loss of area due to porosity or slag
Inclusion to the total area

The ef fect of porosity ¢n structural Integrity Is similiar to fhaf—fc; slag
Inclusions. Flgure 6-6 shows the effect on tensile strength of a weld as a
function of volume of pores. This figure Is from work by Harrison (6=5).
Figure 6-7 shows the effect on fatigue |ife for poroslity defects for the
case of low cycle fatigue. The behavior Is simlilar to that for slag
Inclusions. Harrison concludes for poroslity (&5) that, "There seems to be
sufficlent evidence to Indicate that. under load control led condltions, low
cycle fatigue is not 2 problem which will be Influenced by practicai
porosity levels." Furthermore:

"In view of the probable necessity to |imlt poroslty to some
percentage probably well below 108 because higher levels would
obscure other defects, there Is no need to glve further
consideration to the ef fect of porosity on static ductile
strength. This Is because weld metals normal ly overmatch
parent material strength and even where this Is not the case
the percentage reduction In strength due to porosity Is equal
to the percentage by volume of porosity and at a max!mum of

108 this would not In any normal clrcumstances be signiflicant.”
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6.2 Defect Interaction and the Modellng of Defects

In Iight of the discussion In the previous section It Is clear that the
rounded defects such as porosity and slag Inclusions will have less
detrimental effects on structural Integrity than |Inear type defects.
However, for the purposes of this analysis we wili continue to model the
rounded defects as a sharp crack-|lke defect of the same size. This
assumption wll| lead to a very conservative assessment of the potential for
fallure as caused by these Imperfection types. Thus both |inear and
rounded defects will be treated as |Inear Imperfections.

Fracture mechanics analyses Indicate that the effect of a surface
Imperfection on structural Integrity will be much more severe than that of
@ buried Imperfection. Since we presently have no Information about the
relative location of the observed Imperfections within the weld (In 6ne or
two cases some location data are avallalle In tha form of uitrasonic
Inspection records, but generally speaking this additional Information Is
not avallable), the assumption has been made that the defect Is
surface-connected. This will glve the most conservative result In the
calculation of applied stress Intensity factors and Is consistent with the
treatment outiined In the flaw characterization methods of Section XI,
Subsection IWA-3370 of the ASME Boller and Pressure VYessel Code (6-10).
The mode! that has been used Incorporating these considerations Is the
surface connected elliptical flaw as shown In Figure 6-8.

The avallable Information which Is contalned In the radiographs of the
welds of Interest has been assessed using a computer enhancement system.
That procedure Is discussed In the following sectlon. However, as &
prelude to that discussion, some preliminary remarks should be made
regarding the Interaction of adjacent defects. Two International standards
are commonly used to evliuate such Interactions. These are the ASME Boller
and Presure Vessel Code, Sectlon X! (6-10) and the British PublIshed
Document PD6493:1980, "Guldance on Some Methods For the Derivation of
Acceptance Levels For Defects In Fuslon Welded Jolnts" (§=11). Figure 6-9
demonstrates the ASME method of evaluation, and Figure 6-10 [l lustrates the
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GENERAL REQUIREMENTS
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ASME Section XI Defect Interaction Criteria
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PC6493 method. In elther case, a separation distance, s, Is calculated as
elther a function of the through thickness dimension (ASME) or length
dimenslion (PD6493) of the Imperfection. if the actual distance between
adjacent Imperfections Is greater than the required separation, s, then the
defects are treated as separate for the structural Integr!ty evaluation.
The criteria of PD6493 were found to be more conservative for the long,
relatively shallow Imperfections which provided the bounding conditions.

6.3 Dig'tal Enhancement Methcds Used ln the Presen* Apalysls

Digitai enhancement methods have been used in this analysis +o provide
accurate length and depth values to be used In the fracture mechanics
calculations. The image of a radlograph Is dligltized and then comﬁuf;r
manipulated to provide accurate meesures of flim density. Indlcations on
the radiograph can then be Interrogated to determine thelr extent In the
through-thickness direction. By comparing numerical measurements of
density of Indications with known dens!ty changes from Image qual Ity
Indicator wires (penetrameters) or the plate thickness, the depth of
Indications can be determined. In this case, the density at the defect
locations has been compared with the general density of the surrounding
weld area to determine the through thickness extent of the defects In terms
of a percentage of the weld thickness. A further use of the technlque,
particularly Important In this case, was the use of digltal Information to
determine the extent of weld defects. This was performed by determining
the "ends" of any given defect, that Is the point at which the dansity was
found to be Indistinqulshanie from that of the weld remote from the defect.
Once this location was founa then the interaction criteria given in the
previous section could be appllied to determine the defect length to be used
In the fracture mechanics analysl!s.

The digltal enhancement techniques used hive deen zppllied to several

nuclear applications Including both the enhancement of radlographlic records

and the real time signal enhancement of Inspections by remote video camera.
Appendix B provides further Information about the previous uses of thess




6-13

techniques and Includes a recent paper presented at the International
Conference on Fracture Toughness Testing - Methods Interpretation and
Appilcation In London, June 9-10, 1382, (6=12), which glves further
background Information about the methods used to establ ish the depth of
Indications In radicgraphs.

6.4 Results of the Flaw Characterization

A total of 21 radlographs from weld 1-1, an 43 radiographs from weld 2-1,
as well as flim for weld 1-4 (79-80) 11-12, were examined i'sing the
enhancement techniques discussed above. The results are glven In
Appendix C, which Iists all the welds examlined, the maxImum defect length
{after applying the anost conservative Interaction criteria avallabfe); and
depth found on that radiograph also |isted. In many cases, the max!mum
depth ang length were on separate flaws. For example the maximum ¢ypth
defect was usually a rounded Indication, but the longest defect was |lnear.
It should be noted that the resulting bounding or worst case flaws will be
much more accurately sized than simply assuming 2 depth equal to a full
weld pass. Furthermore, the |Inear Indications tended to be shal low,
although In some cases, relatively long.

In most of the radiographs, the defects were singular or not separable by
analysis using the Interaction equations. Several reglons marked as
containing rejectable Indications were found to have separable defects
using the Information provided by digltal enhancement techniques. The
defects deemed separable by use of the more conservative PD6493 criterlon
were checked using the ASME Code Sictlon XI criteria and conflrmed to be
separable under that Code as wel!.

The Interaction criteria were not used In the cases of the bounding defects
glven below, as they are continuous. The enhancement work a!lowed the

fol lowing worst case defect types, lengths and depths to be entered Into
the fracture mechanics analysls:



Weld Location Max | mum Length

Weld 1-1, 2=
Inaccessible Defects 4.0"

Addltional Inaccessible Welds
Wz21d 1-4, 2.75%
Welds 1-7, 1-2 1.75"

Depth

12.0%
14,3%

10.0%

10.0%

Weld 1D

1-1(21-22), 5-6
2-1(35-19), 14-15 R!
(slag defect)

Estimate of worst
condition from
CD-139, attachments
3-5

Estimate of worst.
condition frdﬁ
CD-139, attachments
3-5



6-6

6-15

Sectlon 6
REFERENCES

Harrison, J.D., "Basls for a ProposeJ Acceptance Standard
for Weld Defects. Part 2: Siag Inclusions,™ The Welding
Institute, 1972, Abington, Cambr'dge.

Ishil, Y., H. Klhara and Y. Tada, "On the Relation Between the
Non-Destructive Test'ng Information of Steel Welds and Thelr
Mechanical Strength.” Journal of Non-Destructive Testing
(Japan), Vol. 16, No. 8, 1967, Pp. 319-345. |IN Document

X1 1-466-67. ’ f_
Kihara, H., Y. Tada, M. Watanabe, and Y. Ishll, "Non Jestruct!ve
Testing of Welds and Thelr Strength,™ 60th Anniversary Serles.
The Soclety of Naval Archltects of Japan, Vol. 7.

Ishil, Y. and K. llds, "Low and Intermedlate Cycle Fatlgue
Strength of Butt Welds Containing Defects," Journal cf the
Soclety of Non-Dsstructive Testing (Jap=n), Vol. 18, No. 10,
1969, |!W Document XI1-560-69.

Karrison, J.D., "The Basls for a Proposed Acceptance Standard
for Weid Defects. Part 1: Porosity,"™ The We'ding Institute
Repor® 26/3/71, March 1971, Ablngton, Cambr!dge.

Norrisii, J. and D.C. Moore, "Porosity In Arc Welds and Its
Effect on Mechanical Properties,”™ Second Conference on the
Significance of Defects In Welds, London, May 1968 (Publ Ished
by the Welding Institute).



€-9

6-10

6-11

6-12

6-16

Green, W.L., M.F. Harmad, and R.B. McCauley, "The Effects of
Porosity on Mild Steel Welds,™ Weld J. Res. Supp. VYol. 23,
NO. 5, Ppo 2065-20950

Masl, 0. and A. Erra, "L'Esame Radlografico delle Saldatura,
Una Completa Valutazione del DIiffetl In Termine dI Reslstenza
Statica ed a Fatica," La Metalurglica Itallana, Yol. 45, No. 8,
1953, P. 273-283.

Ishi, Y. and K. Ilda, "Low and Intermed!ate Cycle Fatlgue
Strength of Butt Welds Contalning Defects," Journal of the
Soclety of Non-Destructive Testliig (Japan), Voi. 18, No. 10,
1969. |IW Document XI!1-560-69, =

American Soclety of Mechanical Englneers, Boller and Pressure
Vesse! Code, Section X!, 1977 Edition, Winter 1977 Addenda.

British Standards Institutlon, Gu!dance on Some Methods for
the Derivation of Acceptance Levels for Defects In Fuslion
Welded Joints," PD6493:1980, British Standard Institution.

Egan, G.R., M.F. Eigart and A.A. Smith, "Improved Radlographlc
Flaw Sizing by Digitai Image Processing,” International
Conference on Fracture Toughness Testing - Methods, Inter-
pretation and Appllication, Jure 9-10, 1982,




7-1

Sectlon 7
RESULTS OF THE ANALYSIS

The following sections present the results of the analysls which were
performed using the methodologles discussed In Section 2.0 and +he inputs
ot Sectlions 3.0-6.0. The results of the linear elastir fracture mechanlics
analysls are discussed In Sectlon 7.1, fol lowed by the results of the
elastic=-plactic and |Imit load analysis In Sections 7.2 and 7.3
respectively.

7.1 Besults of the Linear Elastic Eracture Mechanlcs lLEEkJ.Annixsls

The LEFM analysls was performed using the BIGIF (Boundary Integral
Generated Influence Functlon) computer program. Thls program performs the
numerical Integration of equation 2.10. The program can be used to
evaluate the ef fect of both cycllic and steady state loading on 2 structure.

7.1.1 Indications In Seams 1-1 and 2-1

Table 7.1 summarizes the Input conditions and results for the four
bounding cases which were established. For seams 1-1 and 2-1, the maxImum
length gefect could be modeled as 4.0" long and 12% of the weld thickness
In depth (see Section 6.4 for detalis). The worst cycllc stress conditlon
was found (see Section 3.3) to be loac comblnation i1i (CD-130). These
conditions and the bounding fatigue growth rate developed In Sectlon 4.0
were combined In case number i, which Is BIGIF run TH1, The results are
shown In Table 7-1. These Indicated that very smai! growth over the full
design life of the plant for these conditlons can be expected. The
possibllity for fracture, glven a maxImur one time stress loading of thls
final fiaw slze was then assessed. The results are |isted In Table 7-1
under case 1, run 1H2. The appropriate bounding stress case was |oad
combination IV (CD-130). The results Indicate an applied stress Intens!ty
factor (K ) for this bounding case to be 60.0 ksi In. Thie compares to
the crlflcal value 82.6 ksi in (see Section 5.3). This In turn Impl les
that this size defect wili not propagate by a fracture mechan!sm.



Table 7-1
SUMMARY OF RESULTS

weld Dat i N
Run . : ata Stresses Bounding Flaw Evalustics Ky g
Case No.  Orientation  Seam No. Joint Load Combination Lenath Depth For’ ksiin  Kjo/K
1 1Hl  Horizontal 1-1, 2-1 1 111-63 4.0 12%(.180) Fatigue 60.0 1.37
1H2  Horizontal 1-1, 2-1 1 Iv- ¢3 4.0 12%(.180) Fracture 60.0  1.37
1H5  Horizontal 1-1, 2-1 1 111-¢3 1.1 14%(.214) Fatigue 57.5 1.4
- 1k6  Horizontal 1-1, 2-1 1 Iv- ¢3 1.1 14%(.?14) Fracture 57.4  1.44
2 6H1  Yorizontal 1-4 5 I11-6%2 2.75 10%(.150) Fatigue 54.68 1.345
a 6H2  Horizontal 1-4 5 V- ¢%°? 2.75 10%(.150) Fracture 54.68 1.345
3 6H3  Horizontal 1-4 5 111-¢" "9 2.75 10%(.150) Fatigue 54.68 1.51
6H4  Horizontal 1-4 5 V- ¢“»2 2.75 10%(.150) Fracture 54.68 1.51
4 841  Horizontal 1-7, 1-9 5 111-¢" 1.75 10%(.150) Fatigue 53.48 1.54
U
8H2 Horizontal 1-7, 1-9 5 Iv- ¢" 1.75 17%(.150) Fracture 53.48 1.54 e
NOTES:
1. Fracture and fatigue susceptibility checked for worst load combination
2. Maximum at end of design 1life
3. Taken from CD-130
4. Taken from CD-139
5. Check using base plate growth rates and toughness
6. Check using weld metal growth rate and toughness properties i
' P ch taken to be 82.6 ksi/in for weld metal, 73.2 ksi/Th for base metal
8. Governing case is ‘oad combination III
9. Note true applicable stresses will be in “z" direction and thus substantially lower than longitudinal

stresses used as bound
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A deeper defect was found during the enhancement work. This led to the
development of additional computer runs 1H5 and 1H6 using a bounding defect
1.125" long and .214" deep. The resulting value for K was less than

that for the longer flaw (57.5 ks! In versus 60.0 ksla In).

7.‘.2 “eld ‘-4

The plate Imperfection of weld 1-4 was modeled using stresses from weld
Joint 5 (CD-139). Since the location of the Imperfection could be affected
by elther weldment or base plate properties, both possibilites were run.
Case 2, runs 6H! and 6H2, use base plate properties. It should be noted
that the actual orlentation of the defect Is such that stresses to af fect
It would be the through-thickness stresses which are very small (CD-1%9).
For purposes of thls bounding analysis the flaw has been modeled as f
oriented normal to the maximum stresses In the iongltudinal defect. The
results will thus be very conservative when obtalned. As with the
Imperfections In seams 1-1 and 2-1, the combination of stresses and flaw
slze modeled predicts structural fallure will not occur for elther set of
materlal properties.

y % 85, Welds 1-7 and 1-9

It was noted that weld 1-7 Is at worst a 9/16" long slag Ilne. In weld
1-9, an excavation for repalr was made and that area Is not covered by RT
to assure repalr was completed. Attachment 3 In CD-139 reasons that a
bounding case of a flaw 1 3/4" long wli| bound both 1-7 and 1-9 defects.
Case 4 runs BH! and 8H2 have been establIshed to evaluate this bounding
flaw taken to have a depth equal to .150". The stresses of Joint 5 have
been used In this evaluation although the true stresses In the upper parts
of the contalnment near Jjoints 1-7 and 1-9 are substantially lower {(compare
CD-139 attachments 2 and 6). Even with the conservative bounds, th!s mode!
predicts structural fallure will not occur.

7.2 Limlt Load Analysis

As discussed In Section 2.0, IImit load provides a bounding method of



analysls for structural fallure. It Is based on two theorems. The first
glves rise to lower bound solutions and states that a structure will not
fall 1f the applied forces can be balanced by a redistribution of stress
such that the Induced stresses do not exceed the yleld or flow stress. The
second theorem, which Is an upper bound theorem, states that the structure
will.col lapse when the rate of external work done by the appllied forces
exceeds the rate of Internal plastic work for any col lapse mechanism. As
the first theorem provides !ower bound results, I+ will be used In this
analysis.

Many solutions have been developed to calculate the critical stress for
varicus geametries and loading cond!tlons using the !ower bound theorem.
Sevasral of these are reported In (Z=1). For a center-cracked p!ate u;der
uniform tension (Figure 7-1a):

o =0 (1-2a/t) (7.1)
& F

and for a single edge-cracked plate In tension (Flgura 7.1b):

(7.2a)

a.* 9 (l -a/t)[ 1+1n ] for a/t < 0.
and <l i ) ix

% = 2570, (1-a/t) for a/t > 0.884
(7.2b)

These solutions are for Inflinitely long flaws, which provide overly
conservative solutions. The effect of flaw aspoct ratio may be consldered

a(1-(148%/2¢%)°4 )
1-a(1+25/2¢%)" 4y (7.3)

by replacing a with:

For the present case, o‘ has been taken to be:



r,__Za___,1

l

W

a. Center-cracked Plate

N ———
b. Single Edge-cracked Plate

-

Figure 7-1 Flaw Geometries for Limit Load Analysis
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o‘ = 1/2(0y + ou) (7.4)
Where o and o are the minimum values of yleld strength and tenslle
sfrongfz Tho minimum |imit stress In E7018 can be taken to be 66 ksl
which corresponds to the specifled minimum tensile and yleld strengths of
72 ksl and 60 ks! respectively (taken from AWS A5.1-78 "Spec!fication for
Carbon Steel Covered Arc Welding Electrodes" (7=2).

Simplification to the governir] equations occurs In thls case because any
bending stresses applled to the structure will appear as a un’form stress
across the section. Further, the size of the detall Is sufficlently small
so that a crack will not af fect the Integrity of the structure by net loss
of sectional area. LImit load will thus Indicate fallure when ?heﬁapﬁlled
stress In the net ligament I|s equivalent to the maximum stress which the
section will suprort, or the limit stress. The critical area loss to cause
IImit load fallure was determined from the max!mum applled tenslle stress.
The maximum design tensile stress Is found to be In Joint 3, load
combination iV, longlitudinal stress component ¢ , Inside surface and Is
equal to 33,136 psi (CD-139). '

This worst case stress will only result with a section |igament loss of
49.8%5. Since the maxImum depth defect Is 14.3% the ratio of worst defect
depth to critical depth Is 3.5. Thus, there Is a large margin agalnst

fallure by a Iimlt load mechanism.

1.3 Elastic-Plastic Fracture Mechanlcs (EPFM) Results

To assure that the |Inear elastic fracture mechanics analyslis was
cnnservative, an EPFM analysis was completed ut!!izing the concepts
outlined In Section 2.1.2. The basis for this analysls Is the "™Draft
British Standard of the Rules for the Derlvation of Acceptance Levels for
Defects In Fusion Welded JolInts" (7=3). Since 2 rlgorous elastic-plastic
analysis Is very complex compared to LEFM, the Draft Standard has
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simplifled the procedure by using a seml-emp!rical deslign curve set In Its
current form by Burdekin and Dawes (7-4). Experimental work was performed
by Burdekin and Stone (1=5). For a defect In a uniform stress fleld, the
relationships between COD and applled straln are:

¢ = (e/ey)z. for 0 < e/ey < 0.5,

0.25, fo~ 0.5 2 s
= - 0.25, fo~ 0.5 < e/e <
¢ e/ey / y
where ¢ Is the non-dimensional COD, I.e.,
¢ - § ol
2 . (7.6)
weya

The COD design curve, shown In Flgure 7-2, relates the non-dImensional oD,
¢» to the ratio of applied strain to yleld strain. The appi led straln Is
taken as the local straln which would exist In the vicinity of the crack If
the crack Itself were not present. It has been shown (I=6) that thls
design curve |s conservative, ang thus the al lowable flaw slze, a, will be
a smal ler than the critical flaw size, a .

crit
The design curve |s based on a through=thickness defect (a =
through-thickness crack half-length). Although not rigorousiy Justifled,
It has been suggested that the effect of crack shape |s the same for
contalned ylelding problems as for |!near elastic problems (I=7). Thus, a
pseudo~elastic-plastic solution to part-through cracks can be developed.

For a through flaw with the gaometry shown In Figure 7-3a, the LEFM
expression is:

. » ofT
I e (7.7)

For @ surface crack with the goemetry shown In Figure 7-3b, the LEFM
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expression Is:

"W oAT
¢, (7.8)

where MT Is the magnification factor due to finlte thickness ef fects,
M Is the free surface magniflcation factor, and ¢zls the el llptic
lnfegral of the second kind. It can be seen that

“
. 13
. surface flaw ¢, K(thr'ouglﬂn-thict:ness flau) (7.9)

+

From this relationship, solving for an equivalent through-th ickness crack

2
. (M) :
i .2 (7.10)

The values of MT—S* f<t ?;*oro taken from & survey by Maddox (2-8), and
are shown In figuro 7-4,

slze gives:

ad L

It can be simllarly shown that for a burled el liptical crack with the

M M\2
onnm

£7:11)
(°z)

where "o Is the magnlflication factor at a point due to the nearest free
surface and M Is the magniflcation factor at that point due to the more
remote free surface. These values were derived from the finlte element

geometry shown In Figure 7-3c:

i L2

s
t
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Figure 7-4 Variation of ‘"s"r”) with Crack Depth
for Various Shapes (from Ref. (1-7))
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work by Shah and Kobayash! (7-3), and M and M,are shown In Flgures 7-5
and 7-6 respectively. The el liptic lnfegral. @ » Is plotted In Flgure 7-7.
For a/c = 0; M N s derived from Fedderson's rela?lonshlp (Z=10):

172
"a b
M - (SCC —t)

Thus, combining the COD design curve with equations 7.6, 7.10, ard 583 B
refationship can be developed between al lowable flaw slze and aiiowable
stialn levels for each crack configuration. The Draft Standard contains
criteria which require that when a crack tip approaches a free surface, the
flaw should be reassessed as a surface-connected flaw (a burled flaw ls
recategor ized as a surface flaw and a surface flaw Is recafeQOIlzed a5 a
through=thickress flaw). The burled flaws present can be conssrvatively
modeled as surface flaws and In the present case, only such surface flaws
and through flaws have been consldered.

The critical value for crack opening displacement was taken tc be 0.0Z3" es
outllined In Section 5.4. The yleld strain Is assumed to be 0.28. The
calculated al lowabie flaw sizes for surface defects are shown In Figure 7-8
for 1.5 Inch thick weldments.

The theoretical development used Is valld to straln ratios (e/e ) up to
2.5 but are plotted beyond that point to demonstrate that a+ le- depths of
epproximately 108 of the wall, a very large margin to fracture exists. The
results are shown for a variety of aspect ratios. For a/2c = 0.0, an
Infinltely long flaw Is modeled. The theory provlides a recategorlzation
process at a depth of 508 of the wall thickness. The flaw should then be
consldered as a through-flaw.

Figure 7-9 shows the results of the elastic-plastic through-flaw analysls.
The length of a critical flaw as a function of straln Is glven. For
through- flaws, resldual stralns are not Included.
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STRAIN vs. CRITICAL FLAW SIZE (SURFACE FLAW)
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Figure 7-8 Strain versus critical flaw size for 1.5" thick
we ldments
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For the present case, the ratio of max!mum applled stralns to yleld straln
Is approximately 0.5 so that long through-flaws are predicted prior to
fracture by EPFM methods. Most relevant cases have lower strains and
correspondingly lar.ar predicted al lowable flaw lengths.

Two notes are of intsrest here. First, the toughness used was taken from
generic data and not plant speclfic Information. Thus the flaw values
should only be used to gauge the reasonableness of the LEFM approach as was
thelr Intent. Second, this EPFM approach has an Inherent minlmum factor of
safety of 2 on flaw slze.(2-11)
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Sectlon 8
CONCLUSION AND SUMMARY

This report summarizas the results of an evaluation of the ef fect on
structual Integrity of several weld Imperfections. These Imperfections
were assessed from Indications In radlographs and have been analyzed In
separate reglons as fol lows:

® Inaccessible defects In weld seam 1-1 and 1-2
e Potentially rejectable Inaccessible reglons In weld 1-4
e Potential ly rejectable Inaccessible regions in welds 1-7

and 1-9

It has been found that assumed bounding defects of each category will not

cause structural fallure over the plant design |ifetime. Thls analysis has
Included the effects of:

e Flaw growth by a fatigue mechan!sm

® Reslidual stresses

® Worst case applled stresses (steady state plus cyclle)

e Maximum defect sizes
Throughout the analyses, conservative estimates of Input data have been
used. These are summarized as fol lows:

e Methodologles. The LEFM method used has been shown to be



conservative In this analysls as compared with both
elastic-plastic fracture mechanlsm and |Imit load methods.

The LEFM calculated final flaw conditlions do not account for the
Increased ductility that will be avallable 2t operating
temperatures.

Resldual stresses. Bounding values from distributions publ Ished
In the open |lterature for |lke weld detalls have been used.

Flaw location in the through-thickness dlirection

Flaw geometries. In all cases seml-el liptic surface flaws have
been used to bound buried and near surface flaws. Many of fhef'
flaws thus bounded may be buried, In which case, substantially
larger margins agalnst fallure occur than those |Isted.

Crack growth rates. Upper bound crack growth rates for E7018
weld metal were developed and used to predict the amount of
of crack growth.

Cholce of applled stresses. Bounding stress cases (Including
numbers of cycles) have been used.

Material toughness. Materlal toughness values derived from COD
data were shown to be conservative. In addition, data was col lected
at -20°F, which Is much lower than the expected service temperature.

Limit strength of the materlal. Values were estimated that result
In conservative estimates of remaining |lgament.
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Appendix A
SUPPLEMENTAL TOUGKNESS DATA



APPENDIX A
CRACK OPENING DISPLACEMENT (COD) VALUES - E7018 WELD METAL
TEST
TEMPERATURE coD DIAMETER
S | 4 T {in.) (inches) COMMENTS PEFERENCE
-20 .0182 5/32 Lincoln LH-70 I
Ductile
Ductile
-50 Ductile
Ductile
-100 .0107
-20 .0133 5/32 Lincoln LH-72 I -
.0192 b 4
Ductile
-50 .0018
.0113
-100 .0011
+14 .0224 1/8, 5/32 Lincoln LH-72 1
.0118
.0209
26 S 10mm’ COD specimens for £7018 weld metal |

-76 >.030 1 in% COD specimen. E7013 weld metal
]




TEST
TEMPERATURE
(OF)

-94

-40

coD
~lin.)

10 values ranging
from .008-.034

X = 20.00

s = 10.01

22 values ranging
from .016-.048

X = 34.45

s = 9,246

22 values ranging
from .023-.052

X = 39.68

s = 7.305

APPENDIX A
(Continued)

DIAMETER

COMMENTS

British equivalent to E7018

British equivalent to E7018

British equivalent to E7018

I

I

ITI
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APPENDIX A
REFERENCE LIST FOR FRACTURE TOUGHNESS DATA - E7018

Personal corresnondence between W. McNaughton (Aptech Engineering
Services) and R.C. Shutt (The Lincoln Electric Company), Dated
May 22, 1979.

Dawes, M.G., "Designing to Avoid Brittle Fracture in Weld Metal,"
Metal Construction and British Welding Journal (February 1970),
Pp. 55-59,

- ;:
Tait, P. and D.M. Haddrill, "Fracture Toughness of Some Mild Steel

Manual Metal-Arc Weld Deposits," Welding and Metal Fabrication
(September 1970), Pp. 370-375.
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Appendix B
BACKGROUND INFORMATION ABOUT DIGITAL IMAGING TECHNIQUES
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RPTECH imaging DIGITAL IMAGING SYSTEMS

795 SAN ANTONIO ROAD * PALO ALTO * CALIFORNIA 94303 (415) 858 * 2866

INSPECTION SIGNAL ENHANCEMENT SERVICES
FOR THE NUCLEAR POWER INDUSTRY

Aptech Imaging, Inc., has developed unique digital signal enhancement schemes

which are applicable to a wide range of inspection signals. Three particular

applications of this technology have been developed as follows:

Enhancement of existing inspection information, such as x-rays, radiographs,

or videotapes.

Real-time x-ray imaging systems or filmless radiography.

Records management to store and retrieve in digital format, radlographs,

engineering drawings, etc.

These enhancement techniques have already had wide application in the nuclear

power industry to aid resolution and interpretation of inspection signals. We

have outlined below some relevant experience in the nuclear power industry.

CLIENT

Southern Californie Edison
San Onofre Generating Station Unit I

Boston Edison Company
Pilgrim 1

Gilbert Commonwealth Asspciates/
Cleveiand I1luminating Company
Perry Nuclear

Rolls Royce Nuclear Ltd

General Flectric Company

SERVICES PROVIDED

Enhancement of indications in radio-
graphs of welds in main steamlines

Enhancement of images from underwaler
television cameras of core spray sparger.
This work was performed by enhancing
existing video tape recorded in 1980. We
performed on-site real-time enhancement
in conjunction with the inspection at the
1981 outage.

Enhancement and interpretation of
radiographs of containment welds.

Enhancement and interpretation of old
radiographs.

Enhancement and restoration of out-of-
specification radiographs for cast
nuclear valve bodies.

Digital Intaging Systems for Inspection, Records Management and Signal Enhancement



g Nuclear Regulatory Commission

Bechtel Power Corporation

L Battelle, North West

Consoiidated Edison Company

General Electric Company

GPU HNuclear

Northern States Power

Power Authority, State of New York

Bechtel Power Corporation
South Texas Project

{ Duke Power Company

North East Utilities

provided to you on request.

Enhancement of radiographs of stress {
corrosion cracks adjacent to welds in
Type 304 stairless steel.

Uemonstration of digital records
management system to store and retrieve
radiographs and engineering drawings.

Demon: i ration of enhancement techniques
for underwater viewing of reactor
internals.

Radiographic enhancement for defects and
restoration of old radiographs.

Enhancement and interpretation of defects
in radiographs of nuclear plant valve
bodies.

Enhancement of video tape inspection
records of core spray sparger.t-

Enhancement of video tape inspection
records of core spray riser piping and
reducer.

On-site real time enhancement of video
signals from core spray sparger and
annulus inspection.

Enhancement of radiographs of stress
corrosion cracks in primary piping.

Enhancement of original fabrication
radiographs from steam generator closure
weld.

Determination of defect dimensions
(length and depth) in emergency cooling
water lines.

Enhancement of radiographs from pipe to
valve welds.

Enhancement of piping radiographs from
Millstone III.

Further details about these services and individual utility contacts can be
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CONFERENCE Fracture Toughness Testing

. o 28 ethods, Interoretation & Application ﬁ;';erecelved
PAPER N AUTHORI(S) M.F_.Elgart & A.A.Smit type script

IMPROVED RADIOGRAPHIC FLAW SIZING BY DIGITAL IMAGE PROCESSING
G. R. Egan,* M. F. Elgart,* and A. A. Smith®**

1.0 SYNOPSIS

This paper describes the cali%ration and application of a digital image processing
method to determine the depth of indications seen on radiographs. The image of
the radiograph is digitized and then computer manipulated to provide accurate
measures of film density. Indications on the radiograph can then be interrogated
to determine the‘r extent in the through thickness direction. By comparing
numerical measurements of density of indications with known density changes from
image quality indicator wires or the plate thickness, the depth of 1ndf&ations can
be determined. :

A calibration procedure is also described wherein known defects were introduced
into a steel sample which was then radfographed. A comparison of the digital
processing size estimates and the actual dimensions of the defects shows excellent
correspondence. An example of the application of this technique to lack of root
fusion defects is also described.

- ——

*APTECH Engineering Services, Inc.
**Aptech Imaging, Inc.

¢*¢ Consulting Engineer

i
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2.0 INTRODUCTION

Fracture mechanics principles have been used to characterize a wide range of
failure mechanisms including brittle fracture, ductile fracture, fatigue, stress
corrosfon cracking, and also weld cracking phenomena. The analysis required to
characterize any of these crack extension mechanisms is based on determining a
materfzl property (e.g., toughness i1 the case of fracture problems), the acting
stresses that can cause crack extension, and calculating the critical flaw size
for crack initiation or continued crack propagation. In any of the analysis
methods that have been developed there are uncertainties in the input data that
are used. For example, in the very simple case of assessing the critical flaw
size to cause brittle fracture, scatter in data of ch tests, uncertainty in the
definition of stresses including residual stresses and the errors as;&ciated with
flaw sizing techniques mean that when critical flaw sizes are calculated, margins
of safety must be established before the results can be applied.

Since, in most cases, there are insufficient data to perform a full probabilistic
analysis of the problem, it is necessary to choose bounding values of the input
data to fracture mechanics equations so that the resulting calculated value of
critical stress or critical flaw size is regarded as a conservative estimate.
Pursuing this procedure-to its logical conclusion often results in such
pessimistic predictions that currently operating equipment is deemed to be in
jeopardy from some predicted failure mechanism (1). It may well be the case that
operating limits are so restricted that major economic penalties are incurred by
performing so-called “conservative analyses." One answer to this dilemma is to
perform the complete probabilistic analysis to establish the probability of
failure by the mechanism that is described by the deterministic fracture
mechanics equations (2). Having derived this number, however, there is usually
uncertainty in establishing the significance of such numbers (3) and comparisons
of risk between different events can be made to Judge the comparative
significance of an outcome.

By lTooking at uncertainty in the input parameters, it is possible to estabiish a
ranking of importance of input variables to any fracture mechanics analysis. For
example, by the very nature of the equations that describe the interrelated
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variables, we are able to establish a ranking in order of the importance of
particular input parameters. With this ranking, we can then concentrate on
refining methods for decreasing the uncertainty in any set of fnput data.

The importance of establishing the inftial flaw size can be determined by
studying the equations which describe some of the fundamental faflure mechanisms.
Table 1 outlines the relationship between calculated critical flaw size and the
measured flax size for three different failure mechanisms--fracture, high cycle
fatigue, and stress corrosion cracking in sensitized Type 304 steel (4). It can
be seen that the importance of flaw size dimensioning increases as the exponent
of K or 4K in the equation that describes the failure phenomenon. This has also
led to the establishment of the half life concept for both fatigue and stress
corrosion cracking (5).

3 f,
In this paper, we concentrate on developing methods to improve sizing of defects
discovered by either x-ray or radiographic techniques. We anticipate that this
work will lead to better and more relfable methods of flaw sfzing.

Although much research is currently being undertaken to improve the reliability
of inspection systems, it is clear that a key element that contributes to the
uncertainty is the presence of a human interpreting and recording information.
The work that we describe following is aimed, 1n the_long term, at providing
automatic pattern recognition systems for flaw detection and sizing.



Table 1

IMPORTANCE OF FLAW SIZE IN FRACTURE
MECHANICS ANALYSIS

FLAW SIZE
FAILURE MECHANISM GOVERNING EQUATION DEPENDENCE

Brittle Fracture a®

Stress Corrosion Cracking
of Sensitized 304




3.0 DIGITAL IMAGE PROCESSING TECHNIQUES

3.1 Background

The digital image processing techniques that we have developed are described in
detail elsewhere, however, a short summary of the basic background technology
will be provided here (6). A diagram of the equipment that is used to capture
images in digital format is shown in Fig. 1. The image collection system (i.e.,
a television camera) can deal with signals from x-rays, radiographs, pictures,
and printed pages. Once the information is digitized and stored in the computer,
manipulation by mathematical methods of analysis can be performed to provide
images that can be interpreted by the non-expert. The APTECH system shown in
Fig. 1 outputs information to a television monitor from which hard boiy can be
obtained by normal photographic means. In addition, copy can be provided on
either magnetic tape, video tape, or video disc.

3.2 Treatment of Radiographs

The primary advantage of radiography as a nondestructive testing technique is
associated with the fact that an image is involved. The use of an image enables
both expert and non-expert to interpret effectively the meaning of the test
results. However, because of his expericnce, the expert radiographer will
usually extract more information from an image than a non-expert will., The
amount of discernible information is unfortunately biologically limited.
Although film contains sufficient information to detect density differences of
0.05% to 0.1%, the human eye can only resolve grey levels which differ by at

least 1.5%. Therefore, the film has captured much more information than the eye
can extract,

Additionally, the eye discerns a boundary or edge condition only when two
adjoining areas of an image differ by more than 15% in density. The full range
of film density information can be made availabie to the observer by use of
digital techniques of analysis. Small density differences not discernible to the
unaided eye can be ma“e visible on a television monitor by expanding a small
density range on film to the full! white to black grey level information. Then
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Figure 1 - Aptech Imaging System.
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since the image is in discrete digital form, mathematical methods can be directly
applied to provide image enhancement. Images are currently captured using a 512
x 512 matrix, and each pixel in this matrix contains grey level information.

Grey level information or radiographic density is provided on a scale from 0 to
approximately 4000.

3.3 Procedures for Depth Measurement of Indications

Since the computer can discern density differences from white to black, on a grey
level scale of 0 to 4000, the sensitivity on depth measurement in a full grey
scale is 1/4000 of the depth of the piece being examined. Furthermore, for
defects that lie normal to the plane of the radiograph, it is possible to
establish a density or defect size profile using information derived from image
Guality indicators or the plate thickness. For example, since the cofputer
provides such a sensitive measure of density, it is possible to calibrate a
radiograph by using density changes associated with image quality indicators.
Details of this procedure are outlined later.

In addition, for dimensional verification, for establishing the dimensions of
radiographic indications in the plane of the radiograph, it is possible to
perform automatic integration schemes that will yield defect length and width.
The sensitivity of these measurements is 1/512 of the extent of the image being
processed. Since mathematical magnification models are available, it is possible
to develop the required sensitivity in the length and width directions. An
example of dimensional verification by computer is shown in Fig. 2.

The foregoing description leads to the natural conclusion that we are able to
plot out in three dimensions, defect profiles. From a single radiograph, it is
possibie to de this; however, one important piece of information is missing and
that is the location of the indication within the thickness of the part being
examined. The procedure has certain limitations related to the eccentricity of
buried defects, however, for surface connected defects, the procedure can be used
fn a straight forward manner. Some comments are made later on how the procedure
may be changed to establish positional information relative to the two free
surfaces of the parts being examined.



2a. Digita! Information Plotted to Define Edge.

2b. Dimensioning by Computer.

Figure 2 - Example of Dimensioning by Computer.



3.4 Caiibration

To determine that the procedure does provide accurate measures of defect depth
fnto a plate from a single radiograph, we have performed a calibration procedure
using blocks containing defects of known dimensions. Details of the calibration
blocks are shown in Fig. 3. For convenience, we shot the calibration blocks in
real time and captured the information on videotape which was subsequent 1y
digitized and processed. The image could also have been collected on film.

Once the image had been coilected on videotape, the information was presented to
the computer in digita! rormat. We were then able to escablish measures of defect
height through the thickness for the range of defects contained in the blocks
(Fig. 4). The deficts consisted of machined notches and drilled holes, and these
were also measured using gauge blocks. A comparison of the two methods of
measurement s shown in Table 2. It can be seen that a small uncertq!hty still
exists in the dimensioning of defects by this method, but it is significant
improvement on existing methods of determining size information by nondestructive
means.
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Figure 3 - Calibration Blocks.

Figure 4 - Photograph of TV Monitor Displayed Image of Real Time
X-Ray of Block IV.
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Defect

-

451

452

4s3

4H1

4H2

4H3

2550
2775

2775
2900

2900
2925

2200
2200
2200
2200

2350
2350
2250
2200
2335

2400
2400
2350

11

Table 2
RESULTS OF CALIBRATION - BLOCK 4

Digital Information
Full Plate

3390

3380

3370

3260

3050

2870

Defect

Estimated Depth
(inch)

C.107

0.800

0.068

0.162

0.12%

0.086

Measured Depth
{inch)

0.110
0.075
0.060

- -

‘ "
a-0.113

0.098

0.067
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4.0 APPLICATIONS

In this Section, we outline a specific application o this technique to
indications derived from radiographs of offshore platform welds. In each case, we
have determined a calibration coefficient from the image quality indicator and the
part thickness and used this to establish the through thickness extent of
indications in the radiograph. These dimensions can then be compared with
fracture mechanics calculations to support continued operation of these
structures.

4.1 Offshore Pipeline Welds

In this particular example, we were supplied with radiographs of we\dfffrom the
main legs of fixed platforms located in relatively shallow water (1.é., less than
100 feet). The radiographs were generally of poor quality and out of focus
because of the large object to film distance. We processed the radiographs by
applying an artificial focus procedure which essentially consists of squeezing the
digital information down until the picture becomes focused. The results of this
procedure are shown in Fig. 5. After this procedure was completed, we then
interrogated the image quality indicator wires to establish a unique calibration
for 2ach radiograph. Having done this, we then established the depth of
indications that were apparent in the root of the welds. These were surface
connected defects so that the calibration procedure was straight forward, and the
missing information for through thickness position was not necessary. An example
of the procedure used is shown in Fig. 6.

From Fig. 6, it can be seen that not only can depth information be established,
but the procedure also provides information about the type of indication (i.e.,
rounded or linear). The technique has also been used for defect identification.
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Figure 5 - Root Pass of Weld in Offshore Platform.

- Example of Digital Screening for Defect Depth and Dimensions.
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5.0 CONCLUDING REMARKS

It would be unrealistic tc conclude without a few cautionary comments. First, the
tectnique that we have developed can only be used on images that have not been
enhanced using non-linear transforms. Obvicusly, in such enhancements, where
particular parts of the grey scale are compressed, a calibration on one part of
the radiograph would not apply at other locations on the ractograph. Second,
where the indications are smaller than one pixel (1/512 of the image), unique
depth information cannot be determined. This is not really a practical limitation
because it is possible to captu‘e a smaller part of the radfograph.

In addition, from a single radiogra.h we cannot determine the location of the
indication in the through thicknes: directien. It is necessary to take one other
shot at an angle to oe able to reconstruct all of the positional informatiun.

Even in spite of these limitations, we have found that for surface connected
defects there is a need for an accurate method of estimating depth of indications.
The work is continuing with the objective of developing an automated process for
providing defect dimens ons and positi ns.
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Appendix C

DETAILS OF THE FLAW CHARACTERIZATION WORK




SUMMARY OF RADIOGRAPHS REVIEWED
INACCESSIBLE WELDS
JOINT STATION' DEFECT LENGTH (Max)? DEPTH (Max)
Unit 1
1-1 (21-22) 4-5 Elongeted Slag 0.75" 5.8%
1-1 (21-22) 5-6 LOF 4.0" 11.0%
1-1 (21-22) 11-12 LOF 1.0" 11,4%
1-1 (21-22) 12-13 LCF 0.3" 10.7%
1-1 (24-25) 9-10 Elongated Slag 0.5" 6.0%
1-1 (24-25) 16-17 LOF 0.63" 13.3%
1-1 (25-26) 10-11 LOF 0.4" 11.1%
' 1-1 (26-27) 9-10 LOF 0.75" » 12. %
i 1-1 (27-28) 4-5 LOF 0.2" 8.8%
1-1 (28-29) 3-4 LOF 0.6" 3.9%
1-1 (28-29) 4-5 Slag 4.5" 8.8%
1-1 (28-29) 5-6 Elongated Slag 0.32" 8.7%
1-1 (28-29) 18-19 LOF 0.5" 13.6%
1-1 (29-30) X-17 LOF 0.5" 12.5%
1-1 (30-31) 8-9 Elongated Slag 0.75" 5.4%
1-1 (31-32) 11-12 Elongated Slag 1.25" 10.0%
[ 1-1 (32-33) 2-X Elongated Slag 1.0" 11.3%
‘ 1-1 (33-34) 24-25 No Defects Observed
1-1 (34-35) 17-18 Crack/Pore 0.5" 8.8%
1-1 (35-19) 1-2 LOF 0.5" 1.7%
1-1 (35-19) 6-7 Isolated Slag 0.19" 5.3%2
1-4 (79-80) 11-12 Slag i 0.7 e 4.5%
Unit 2
2-1 (19-20) 1-2 Slag/LOF 1.0" shallow
2-1 (19-20) 8 Pore/LOF 0.62" ~ 9.0%
2-1 (19-20) 4-5 Slag/Pore/LOF 0.25" 5.0%
2-1 (19-20) 12-13 Slag 0.75" shallow
2-1 (19-20) 15-16 R1 Slag/Pore 0.4" shallow
2-1 (19-20) 17-18 R1 Slag/LOF 0.4" ~ shallow
2-1 (19-20) 18-19  Slag/LOF 0.75" 4.0%

1. Distance between successive stations re reséni; ;Bproximately 12" of weld
2. After flaw characterization, including interaction criteria.

- —



JOINT
2-1 (20-21)
2-1 (20-21)
2-1 (20-21)
2-1 (20-21)
2-1 (21-22)
2-1 (21-22)
2-1 (22-23)
2-1 (28-25)
2-1 (27-28)
2-1 (27-28)

-1 (27-28)
2-1 (27-28)
2-1 (27-28)
2-1 (27-28)
2-1 (28-29)
2-1 (28-29)
2-1 (28-29)
2-1 (28-29)
2-1 (30-31)
2-1 (30-31)
2-1 (30-31)
2-1 (30-31)
2-1 (30-31)
2-1 (32-33)
2-1 (32-33)
2-1 (32-33)
2-1 (32-33)
2-1 (32-33)
2-1 (32-33)
2-1 (33-34)
2-1 (35-19)
2-1 (35-19)
2-1 (35-19)
2-1 (35-39)
2-1 (35-39)
2-1 (35-39)

1. Distance between successive stations represents approxima
2. After flaw characterization, including

STATION1

10-11
11-12
12-13
14-15
4-5
5-6
11-12
7-8
0-1 R3
1-2
11-12
13-14
16-17
19-20
12-13
13-14
24-25
25-0
0-x
6-7
11-12
12-13
13-14
8-9
10-11 R2
11-12
16-17
19-20
23-24
7-8 R1
0-1
1-2
10-11
14-15 Rl
15-16
20-0

C-3
DEFECT

Slag
Slag/LOF
LOF
Slag/LOF
Slag
Slag/LCF
LOF
Slag/LOF
LOF
Slag/LOF
Slag/LOF
LOF

LOF
Slag/Pore
Slag
Slag
Slag
Slag/Pore
Slag
Slag/LOF
Slzg
Slag/LOF
Slag/LOF
Slag
Slag
Slag/!OF
Slag
Slag/LOF
Pore/LOF
Silag/LOF
Slag
Slag/LOF
Slag/LOF
Undercut/Slag
Slag

LOF

nteraction criter

LENGTH (Hax)2

o

5
.62"
5
4
5"
5"
4"
5"
31"
.62"

¥

.62"
.62"
5"
4"
19"
S*
%
29"
.4
4"
A"
% =
.5", 0.06"
0.5"
0.19"
0.19"
0.25"
1.125"
0.5"
0.5"

O O O 0O 0O 0O 0O 0O 0O 0 0O 0000 oo oo oo0ooOoOC O O
- . s »

o
(%,

DEPTH (Max)

shallow
6.2%
shallow
very shallow
shallow
7.4%
shallow
5.3%
shallow
shallow
rounded
3.0%
- shaliow
rounded
shallow
shallow
6.0%
7.6%
shallow
shallow
very shallow
7.3%
very shallow
very shallow
very shallow
8.0%
10.0%
7.7%
5.7%, 9.0%
12.5%
shallow
7.1%
3.8%
14.3%
10.7%
7:78

ely 12" of weld
a



Appendix D
CONTROLLED DOCUMENTS
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CONTROLLED
DOCUMENT NUMBER

4

125

126

127

128

129

130

131

132

' 133
134

135

136

D-2
APTECH ENGINEERING SERVICES DOCUMENT LOG

ITEM

(AES-8110276) Volume 1 of 1 Containment

Horizontal Stiffener Ring Flauyes for rings 1-4
including CMTR's,

(AES-8110276) Volume 1 of 1 Containment

Horizontal Stiffener Ring Flanges for rings 5 and 6,
including CMTR's,

Letter PY-CEI/GAI-5519 dated 11-15-82
from W.7. Melia to R. Alley.

NNIC letter dated October 26, 1982 tu
R.W. Alley from B.R. Cofer nn subject
of Perry Nuclear Power plant contain-
ment vessel analysis of weld 1-1,

Certified material test reports of weld
1-1 between vertical welds 21-22.

R. Dail preliminary report to R.W. Alley
dated November 16, 1982 on limited re-
view of containment vessel radiographs.

Longitudinal stresses weld 1-1 showing Rev. 0
thermal, hydrostatic, design pressure,
dead load, SRV, OBE and SSE stres.es.

Letter PY-STR-1555 information, dated November
29, 1982, from R.W. Alley to W. McNaughton,
including Rev. 1 of stresses included in CD-129.

Letter dated 11-5-8] from B.R. Cofer, NNIC to
R.W. Alley, GAI on subject of containment Vessel
Analysis of Weld 1-1 Indication

NNIC letter dated 9-24-82 on pfelimi-
nary summary containment vessel embedment
analysis - Figures 1 and 3.

UT reports - inaccessible shell joints.

Letter to J. Keppler from D. Davidson
dated 9-30-82.

Letter to R. Dail from W. McNaughton
results of enhancement of radiographs
1-50 A/B (1-2), 1-1 (17-18), 1-1 (24-25).

Letter to W. McNaughton from R.W. Alley
transmitting radiographs 1-1 (24-25), 9-10
and 1-2 (45-46), 14-15.



CONTROLLED
DOCUMENT NUMBER

137

138
139

140

141

142

143

144

145

ITEM

Lette~ report dated December 7, 1983,

W. McNaughton to P. Gudikunst preliminary
re?:Its of inaccessible defect evaluation,
weld 1-1.

BIGIF computer runs

Letter from R.W. Alley to W. McNaughton
PY-STR-1587, February 16, 1983

Attachment 1: Memo R. Dail to R. Alley
Unit 1 containment radio-
graphs

Attachment 2: Stresses in Joints 2-6.

Attachment 3: Memorandum E.M. Horeth
to B.R. Cofer, December
7, 1982

Attachment 4: Memorandum B.R. Cdfer to
M. Lastovka, December 17,
1982

Attachment 5: Memorandum R.L. Dail to
R. Alley January 4, 1983
"Review of NNIC Evaluations
of Indicaticns in Contain-
ment vessel circumferential
welds 1-4.

Attachment 6: Letter B.R. Cofer to R.W.
Alley, February 3, 1983
"Data for Analysis of Welds
1-7 and 1-9.

Receipt of Design Materials letter from
W. McNaughton to P. Gudikunst, December
20, 1982.

Letter from W. McNaughton to K. Nebb
(site) returning radiographs dated 3-11-83.

Acknowledgement of receipt of radiographs
listed in CD-141 (from K. Webb)

Letter from K. Webb (site) sending (29)
radiographs with acknowledgement 3-23-83.

Letter from K. Webb (site) sending (15)
radingraphs with acknowledgement 3-24-83.

Letter from R. Alley to W. McNaughton

summarizing radiographs sent and stresses
which correspond. PY-STR-1607 3-31-83.



CONTROLLED
DOCUMENT NUMBER ITEM

146 Letter from K. Webb (site) to W. McNaughton
sending 6 radiographs 4-4-83,

147 Letter from W. McNaughton to R. Alley

April 19, 1983 "Aptech Evaluation of
4 shell courses defects - background
information".

Summary of radiographs reviewed cons-
isting of notes and measurements.

149 Documentation of locations on each radio-
graph of CD-148 as to depth measurement
location.

150 Videotape with balance of Gilbert
enhancement. L i

".
151 Stress calculations - load combinaticns

as taken from CD-139 and checked.

152 Developed integrated stresses - service
and residual stresses.

153 Limit load analysis.
154 BIGIF runs used in final report - 1H1,

1H2, 1H5, 1H6, 6H1, 6H2, 6H3, 6H4, 8H1,
8H2



