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SYNOPSIS

This report summarizes the results of fracture mechanics and fatigue
evaluations which were performed for the Perry Nuclear Power Plant Units 1

and 2. These evaluations were performed for several regions of the

containment structures as foilows:u-

e inaccessible locations in weld joints 1-1 and 2-1 which

had weld Indications.
I

i e Three inaccessible weld locations In joints 1-4,1-7,

and 1-9.

In these last three locations, incomplete radiographic information exists,-

to establish the existing defect size (for example, whether or not fuliI

;
. repairs were made); however, suf ficient data do exist to characterize the

maximum extent of a defect that could remain in the structure and this
,

,

potential defect has been analyzed.

The evaluations that were performed required three types of input data.

I These data were stresses, both applied and weld residual stresses, flaw
l~ geometries and material properties.

Recently, revised stress data were supplied by Gilbert Associates for the
containment. Bounding cyclical 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 obtained from radiographic enhancement techniques performed
~ on supplied radiographs. These techniques were used to provide accurate

|

_ _ ____ _ _ _
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sizing of the Indications. Such determinations remove some of the
~I

|
conservatism which has traditionally been used to assess structures with

defects in the absence of actual flaw size data.

Material properties such as strength, fracture toughness and crack growth
' rates were determined using available Certified Material Test Reports and

by comparison to generic data obtained from the open literature.

The results confirm that crack growth by fatigue is small over the design
plant lifetime, even assuming conservative stress levels, bounding initial
flaws and worst case crack propagation rates. Furthermore, it is shown

that the applied stress intensity values reached during and af ter such
growth are less than the critical value to cause structural failure. The
conservative result of the linear elastic fracture mechanics methodology
used in this work is then confirmed using both elastic-plastic and net
section collapse (or limit load) methods. It is shown that relatively long

and deep flaws can be tolerated even with the conservative assunptions

which have been made.

.
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Section 1

INTRODUCTION

. A review of radiographs for the Perry Nuclear Power Plant Units 1 and 2,
has found certain containment welds that contain potentially rejectable
indications. The radiographs can be grouped into two logical regions of

;_

Interest.

The first group of weld Indications are found in radiographs associated
with weld joints 1-1 and 2-1. These weld locations are inaccessible. They

are located in the containment wal l (see f igure 1-1) in double sided butt
welds and are covered on the inside of the containment by a doubler plate.

,

Defects have been found that would be considered rejectable by ASME Boiler
and Pressure Vessel Code criteria. Twenty-one radiographs of weld 1-1 and-

43 radiographs from inaccessible regions of Unit 2 were reviewed. The

stresses in Units 1 and 2 are identical. Bounding defects were developed

considering both Unit 1 and Unit 2 indications.
;

The second group of Indications consists of three specific weld locations
-In joints 1-4, 1-7 and 1-9. Weld joint 1-4 has a defect at location

i (79-80) 11-12. which has been sized at 2 3/4" long and 1/16" in height. It

,I
' appears to be a plate delsmination (CD-139, Attachment 4).

I

{ in weld joint 1-7, at location (110-111) 25-26, the film shows a
questionable Indication. If this location were accessible the disposition

i would be to grind and retake. In addition, the film is in question because

it does not cover the full Indication. At maximum, it would be a 9/16"

long slag line (CD-139, Attachment 3).

f in weld joint 1-9, at location (134-135) 24-25, the film has no
Indications however, the adjacent film did have repair which extended into'

this station. A slag inclusion may still be present, maximum length equal

to 1 3/4" (C0-139. Attachment 3). These locations are also inaccessible

i

t

i
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Figure 1-1 Typical Horizontal Weld Joint
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and the existing radiographic Information can be used to provide worst case

I estimates of defect size remaining in the structure, or of the possible
incomplete repairs. ,

All welds have been fabricated using E7018 weld metal. The defects are

4
- 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 eacht

case is that the Indications if unrepaired, may lead to early structural
failure. This report addresses that concern and does so by evaluating the
potential for defect growth by a fatigue mechanism and concurrent or
subsequent f ailure by fracture.

|
The remainder of this report consists of six sections. Section 2.0

' outlines the analysis methods that have been used to evaluate the defects.
The next four sections introduce and discuss input to the analytical model.

!" They are: the evaluation of stresses-both appiled and residual (Section
3.0). characterization of material properties (Sections 4.0 and 5.0), and
results of the enhancement work perf ormed (Section 6.0). Section 7.0

,
provides the results of the analysis 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

analysis. These documents which are considered controlled under the
requirements of the Aptech quality assurance system are designated
Controlled Document (CD) and are referenced in Appendix D of this report.

.

%

| l.
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Section 1

.REFEREN S

1-1 American Society of Mechanical Engineers, Boller and Pressure
Vessel Code, Section 111, 1974 Edition, Winter 1975 Addenda.
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Section 2

ANALYSIS ETH00S

~ The foilowing sections discuss those aspects of fracture mecnanics and
fatigue theory which were used in the analysis of the present problem. A
presentation of general fracture mechanics background (2.1) !s foilowed by
a discussion of-methods of analysis to assess f atigue growth (2.2).

I

2.1 Frac +ura behanics Emeknenunti

The failure behavior of structures under monotonic (slowly increasing)

loading can be classified into three regimes in which a specific type of
failure mode is appropriate. These three regimes cover brittle fracture.
ductile fracture and plastic collapse. The disciplines required to assess
these regimes are:

!
~ e Linear Elastic Fracture Mechanics (LEFM) - The structure fails

i ~ in a brittle manner and, on a macro scale, the load to f ailure'

occurs within nominally elastic loading.

( -

.
e Elastic-Plastic Fracture Mechanics (EPFM) - The structure falls

in a ductlie manner, and significant stable crack extension by

l, tearing may precede ultimate failure.

e Fully Plastic Instability (Limit Load Theory) - The failure
event is characterized by large deflections and plastic

~ strains associated with ultiinate strength collapse.
s

.

A diagram that shows the relationship between critical or failure stress
and flaw size for the three failure modes is given in Figure 2-1. The

shape and position of the failure locus will depend on the fracture

| toughness (K ) and strength properties (o ) of the material, as well|

Ic 4
as the structural geometry and type of loading.

!
4

. |
|
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1
1

2.1.1 Linear Elastic Fracture Mechanics (LEFM)

- The principles of linear elastic fracture mechanics (LEFM) are
applied to assess quantitatively the conditions for brittle fracture.,

Brittle fracture consists of two separate events: (1) the initiation of a

crack, and (2) the subsequent propagation of the crack to complete failure.
Each of these events, initiation and subsequent propagation, has dif ferent
characteristics. For ferritic structural steels of the SA516 type and

|' carbon manganese weld metal of the E7018 class, the resistance to a
~ propagating fracture is usually lower than the resistance to fracture

|
Initiation under slowly applied loads. This is because steels of this type

I are sensitive to loading rate; the high loading rates associated with a
running crack lead to higher yleid strength and, hence, lower values of
fracture toughness. In constant load situations, therefore, continued

crack propagation is expected once the fracture has initiated. For this
reason, no attempt is made to evaluate the characteristics of the
propagating crack af ter it has initiated, and the criterion of fracture

~ Initiation is used as the definition of failure in the fracture analyses.

I
Fracture initiation occurs at a defect when the crack driving force exceeds

l the material's inherent resistance to crack initiation, or fracture

e toughness. The crack driving force is a function of the stresses acting on

| the defect and the geometry of the defect. The stresses which act on the
defect include both primary (applied) stresses and secondary (Internal)
stresses. Examples of secondary stresses are residual stresses and thermal
stresses that are in equilibrium across the section. The manner in which a
structure wilI fall wilI be determined by the interaction of the defect
geometry, loading. and material toughness.

|
-

In linear elastic fracture mechanics, the most usef ul parameter for
.- characterizing the behavior of cracks is the stress intensity factor K ,

which describes the magnitude of singular stresses ahead of a crack in a
linear elastic body loaded in tension. For loading normal to the crack

I.
|

plane (Mode 1), fracture initiation occurs when the applied stress
Intensity factor, K , equals or exceeds some critical value, which is

|

t
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L
I called the fracture toughness of the material. The applied stress

intensity factor can be written in the form:j

I
Co/Ei (2.1)K =

I
t.

where o is the acting stress, a is the characteristic flaw dimension, and C
is a parameter which accounts for the flaw shape, structural geometry, and

the type of loading. In general, E is a f unction of a and in many cases
must be evaluated numerically. Fracture will occur under quasi-static

loading when,
'

l

K 2 K (2.2 )i
i

i Ic
t

(i.e., when the applied stress intensity factor equals or exceeds the
static f racture toughness, K ). This means that the occurrence of

! fracture is controlled by: (1) the stress level, (2) the flaw size, and
i

(3) the fracture toughness. For small flaws, low stresses and high
toughness, the applied K will not reach K , and fracture will not occur.
These relationships are relevant for material properties determined under

(

|| plane strain, linear elastic conditions.
:

itT6 determine the significance of the inaccessible defects in question,
,

|| Is necessary to know the material fracture toughness, acting stress level
and actual distribution of defect sizes and shapes. Knowing any two of
these parameters, one can solve for the third. For example, the critical

i

flaw size to cause failure is calculated from:

Ic )2{K
I r (2.3)-2

/a =

WC k occ

if both the toughness (K ) ar.d the stress level (o ) are known.
Ic c

Conversely, the critical applied stress as a f unction of crack depth can be

computed from,
,

f

a

!
,

't
!

: 4
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K
| Ic
g o =

C6a (2.4)

Although these conditions most appropriately describe the behavior of low
toughness, h!gh strength materials where little ductility precedes
fracture, the use of K as a toughness measure for either SA516 steel or

ic
E7018 weld metal ensures a conservative estimate of critical flaw size for1

j
brittle fracture, since no account is taken of the increased toughness

j which results from post-yleid (transitional) behavior. Incorporating

transitional behavior with more pre-fracture ductility gives increasedI

' toughness levels and decreases the susceptibility 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 their lower shelf values on a fracture1
energy versus temperature curve. This in turn impiles that the use of
standard elastic fracture mechanics will 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.
ir

2.1.2 Elastic-Plastic Fracture Mechanics (EPFM)

The basic principles of EPFM have been developed over several years
(2.1. 2-2. 2-1) and one national standard exists for crack opening
displacement (COD) testing (2-1). This method uses critical 00D values (ase

.

measures of the material toughness) which are not available for the actual
field material. A review of the literature (notably 2-fi) was made to check

the appropriate material characteristics.

One of the best methodologies for EPFM evaluation, the British Standards

Institution published document PD6493:1980 (2-1), utilizes crack opening

displacement (00D) concepts. In principle, the critical condition is
reached when the applied K or COD (6) reaches the resistance level of

'! ' toughness necessary to cause fracture (K or 6 ). The COD method is
#

I completely compatible with the LEFM appr ch (2 R) and can be used in place
P

-

*

,I.

- - . . - , . ---- ., .,-,.n , - . , , - - _ - , - - - , - - - - - , - - - - . - - - - . - - - - - ~ - - - - --
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f

I- of the K method. For applied stresses well below yield,
Ic

8e a ( )~

Y * F (2.5)log sec I- 6 =

f og-,' e

where 6 is the developed COD; e and o are the yield strain and yleid
stress of the region in which the defec is sited; o is the applled

I and a is the half crack length of a center-cracked plate model.stress;
| It can be seen from Equation 2.5 that as o approaches o , the developed

5COD becomes infinite. This only occurs for the elastic perfectly-plastic
material behavior that was assumed for the development of Equation 2.5.'

For materials that work harden, the relationship between 00D and applied
:

strain (for stresses above yield) has been determined by analytical,
numerical, anc experimental methods (2-L 2-1D).

As in LEFM, once the stresses and material properties have been
characterized, it is possible to determine the allowable flaw size to

prevent fracture Initiation. It is then possible to determine the expected

margin of saf ety between the flaws that may be in the structure and those
' necessary to cause failure.

2.1.3 Limit Load Analysis

As the size of a critical flaw increases, a regime is entered in which
increasing material toughness no longer can prevent initiation of a crack
under monotonic loading. The initiation criterion becomes independent of

toughness and now becomes a f unction of the strength properties of the
material and the remaining ligament of material. In this regime, a Ilmit

load or plastic collapse analysis describes the governing f ailure mode.

For limit load analysis, the critical stress to cause failure 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 f ailure in a beam or plate with a rectangular cross-section is:

L:
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i P )2 (M)
11

-
+1

- =
(2.6)

(Pg ( Mj

where P and M are the applied loads, and P and M are the limiting

values of P and M. The magnitude of P and M are functions of crack

length a, flaw geometry and material properties.

| - The limit load of P is determined from the geometry of the section and| '

Af ter the reduction in area due to the flaw isthe material properties.
accounted, the limit load can be expressed in terms of a limit stress and

The limit stress is normally the material yleidthe geometric variables.,

'| strength when the material behavior Is assumed to be
elastic-perfectly-plastic. However, for materials which exhibit

|
significant strain hardening, o could be somewhere between yleid and

4
ultimate strength, and the appropriate value to use should be determined byi

tests.

For this analysis, we use a flow stress which is the average of the yleid
|
i and ultimate strengths, i.e.:

(a +o )/2 ( 2.7 )
I

o =

4 y uts
i

where o is the flow stress, o the specified minimum yleid stress and
4 y

the specifled minimum ultimate strength.a

Once the limit conditions have been calculated, Equation 2.6 and the
' expressions for applied membrane stress as a function of pressure and

applied moment can be used to deterniine the f ailure 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
f

| The f ailure behavior of structures under monotonic loading can be

t .-

L
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classified into three regimes. Of these, linear elastic fracture mechanics
has been determined to be most appiIcable to the current material and
service conditions. Bounding studies based on elastic-plastic and plastic
limit load analyses have also been performed.

2.2 Fn+Inug inading

2.2.1 Analysis Method

In theThe preceding discussion addressed the case of monotonic loading.
present case, there are a small number of cyci nc loads which may occur on

|
- the containment structure. This section discusses the way in which these
loads can be evaluated in the ilght of the previous discussion.'

Fatigue evaluation, based on fracture mechanics, assumes that initial flaws
are present of size a and that the lifetime of a component is that
required for a crack to grow from the Initial size, a , to the critical9

size, a . Crack growth rate data may be correlated to the crack tip
cstress Intensity factor range (AK) for the given load cycle in the

following form:

f(AK) (2.8)da/dN =

where da/dN is the crack growth per lond cycle. .By integrating Equation
' 2.8 with the appropriate component stress field to calculate K, the number-

of cycles, N, (residual life) for a crack to grow from a to a isI c
computed from:

(2.9)N =

da/dN
da

, . I

|
The final flaw size expected at the end of the design life, a , can be

f

determined by integrating Equation 2.8, using the appropriate stress
distribution to calculate K, and the number of total design cycles N fromo

f,
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-a

Sf
da

=0 (2.10)N -

da/dNO
.

I

where Equation 2.10 is a transcendental expression involving a and must
be solved by an iterative process.

~ 2.2.2 - Crack Growth Rate Representation

Many empirical relations to express da/dN behavior have been proposed;

f the earliest and most well known is the Paris rule (2-11) which takes the
form,

"
C6K (2.11)da/dN =

'

where C and n are constants determined from the data, and AK is the range
.

of applied stress Intensity factor computed from the minimum and maximum
stress in the cycle:

AK - AK (2.12)AK =

max min

- 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 disadvantage of
the relationship is that it does not directly account for mean stress
offacts (R-ratio offact where R = K /K ) which can accelerate

min max,

f atigue crack propagation. However, these of facts are accounted for in the'

choice of experimental data used in the modeling procedure.j

4
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Section 3

ANALYSIS OF STRESSES

The analytical model discussed in Section 2 requires as input the
characterization of the stress state present in the containment shelI

This section discusses both the primary and secondary stresses.courses.
The primary stresses are the applied stresses associated with dead load and
cyclic service stresses. The secondary stresses, in this case, are the
residual stresses due to welding.

3.1 saenndarv Stra==a=

The welds under consideration are double sided butt welds. A literature
review was performed to characterize the resulting distribution of residual
stresses in this type of weld. The weld has stress components transverse
to the weld and longitudinal or parallel to the weld, each with
through-thickness distributions. A schematic of these applicable
distributicns is shown in Figure 3-1. For this analysis the flaw location
was assumed to be at the centerline of the plate which is the location for

the maximum transverse stress. The flaw location was also assumed to be at
the location of maximum longitudinal stress. The transverse distribution

!

through-the-thickness wil I vary as shown in Figure 3-1.

'

Figure 3-2 shows single sided butt weld residual stress data transverse
through the thickness. This figure is a composite of normalized.

experimental data based primarily on work done by Nordell and Hall 0.1).
In their work, the base plate was ASTM A212 Grade B (precursor to SA516
Grade 70)' with double-Y butt welds of E7018 material . The applicable
thicknesses tested were 1 inch and 15/8 inches, requiring 12 and 30 weld

.
passes, respectively. The two thicknesses demonstrated similar through
thickness transverse stress distributions. Also shown in Figure 3-2 are
residual stresses measured by others Q-2, 3-1).
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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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Butt Weld (Single Side) Transverse Through Thickness
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Leggatt and Kamath (3-2), 1" Double V, Notched (wo m:. half shown)A

Nordell and Hall (3-1),1" Double V (half shown)Y

Nordell and Hall (3-1),15/8" Double V, Piece 2 (half shown)"

* Rosenthal and Norton.(3-3), 1" Sinale V
l,
l

Residual Stresses of Single Sided Butt Helds, Transverse Through ThicknessFigure 3-2
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n
From these ' data, a simplified through thickness transverse residual stress
distrib'ution was developed. This is shown in Figure 3-3. The distribution

assumes yleid level r:esidual tenslie stresses at the surf ace through 10% of
the ihickness. 'The tensile stresses then decrease to compressive residual
stresses equal to one half yield at the mid-thickness. This distribution

. is then reflected about the centerline of the double sided butt weld to
echieve a syrtmetric and complete distribution. Since any residual stress
distribution must be self-equilibrating, the choice of values taken here

~~

wil'l be conservative. The sum of the tensile portions is larger than the'

~

compressive portions and the maximum values have been assumed uniform
(

- except in the through thickness direction.|
.s

t

' ,

I 3.2 PrImm-v Strancac
l

|t

||
The primary stresses for analysis have been obtained from unit stress

|- calculations for joint 1 (CD-130) for welds 1-1 and 1-2; and from joint 5
| ~ (CD-139) fo- 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 joint

number and Load Comt,ination for each Joint and the appIIcable loadr

!

i- combinations. Since the flaws found are oriented perallel to their welds,.'

the stresses in the longitudinal direction apply. A schematic diagram of
,,

! flaw orientation and applicable stress component is shown in Figure 3-4.

f The approach taken was to determine the most highly stressed joint and load
-combination for the appropriate sean welds. . These bounding cases could

? then be applied to any weld defect, regardless of location, to assure a
conservativo analysis, in f act, two prinary siress distributions were
obtained for each weld orientation; one for the fatigue analysis and the
other for the fracture analysis.

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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Figure'3-4 Flaw Orientations and Applicable Service Stresses
in Vertical and Horizontal Seam Welds

!
i

(

l

.. .. -. . _. .- . - . . - _ _ - - . . . . - - _ - __



-. . . . . . - - - - . - . - - - _ - . - . - _.__

I'

3-7

stress summary for Joint No. 5. From this table one can see that the
.

. .

longitudinal and circisnferential stresses are broken down into thirteen
load components and are then summarized at the bottom of the table into

! four load combinations. . These load combinations represent maximum loading
conditions. Some of these load components act at alI times, some act

Thecyclically over the life of the plant, and some may act only once.'

load components f allIng Into these three categories are summarized in Table-

3-2. For a f atigue anslysis the cyclle loads are of primary significance'

and are superimposed with the continuous or steady state loads. For a

fracture analysis the most significant loads are those producing the
:

largest stress, which by observetion of Table 3-2, are those load
combinations that include the single event loads.

.

Table 3-3 is a summary of the cyclic stresses that govern the fatigue

i - evaluation. There are other cyclic load components. However, thel

controlling load components in a given load combination are those listed in'

Table 3-3. Thus, in order to simplify the analysis and provide'
i

conservative results, all critical load combinations were evaluated for'i.

16,600 cycles, regardless of which cyclic load components the load
.

-

combinations include. Table 3-4 shows the appropriate load combination'

components.

For weld seams 1-1 and 2-1, the stresses taken at joint 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 applied stress condition.

These primary stress fields were combined with the assumed reldual stressi

field for the analysis.

|

3.3 Combined Stranzas

The total stress considered for the evaluation of a defect consists of the
sum of the primary and secondary components. Both sets of stresses have
been chosen to bound the expected stress state conservatively. For

analytical purposes, they have been superimposed with elastic;

.

, . - - - m. --_.. .,-,---s .-.m.,___.-,.m,,,._._.,n_---n,, e,_,,. c --., , . , , . , , _ , , , , , , _ , - , - - - - . - . , - . - - - - - - , - - . - . , , -- -

_
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!,

Table 3-2

CLASSIFICATION OF LOAD COMPONENTS BY FREQUENCY OF OCCURRENCF

,,

1

Continuous or Steady State Loads

Dead Load

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

Cyclic Loads'

DBE

SSE

SRV Discharge - 19 Valves

SRV Discharge - One Valve,1st Pop
i

SRV Discharge - One Valve, Subsequent

Mean Condensation Oscillation
Mean Chugging

Single Load Events

LOCA Pool Swell

- DBA LOCA Therwel Stress

15 psig Static Internal Pressure

1

|-

f

I

- - - - -.. _ _ _ _ __ _ ______ ____ _ _
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Table 3-3

SUMMARY OF CYCLIC STRESSES
TOTAL NUMBER

NUMBER CYCLES OF CYCLESI

l .' NUMBER OF PER OCCURRENCE
OCCURRENCES 16,740

SOURCES 9
1860 50

SRV Actuation 10
S 10

OBE 10
l- 1 16,800

SSE

TOTAL

.

J

|

|

I

'
i

,

,

c
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4

Table 3-4

LOAD COMBINATIONS EVALUATED FOR ANALYSIS

Load Combination
Number

Load Components

' I DL + OBE + CONC + SRV) + HYDR 0 + PS

II DL + SSE + CONC + SRV7 + HYDRO + PS
|

III DL + OBE + CONC + SIP + SRVyg + CHUG + HYDRO

I DL + OBE + CONC + SIP + SRV2 + CHUG + HYDR 0 + LOCATHERMIV(

Dead LoadDL =

Operating Basis EarthquakeOBE =

! Safe Shutdown EarthquakeSSE =

External Hydrostatic Load Due to Annulus Concrete PourCONC =

15 psig Static Internal PressureSIP =

SRV Discharge - 19 Valves~

SRV =
yg

SRV Discharge - One Valve, First PopSRV =
7

SRV Discharge - One Valve, Subsequent PopSRV =
, 2

Mean Chugging
. CHUG =

Hydrostatic Pressure 18'-16"! HYDRO =

LOCA Pool Swell
|- PS =

LOCATHERM = DBA LOCA Thermal Stresses

!

!

!

I

.

. ~,y - - - - _ ,__.
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' Table 3-5

BOUNDING SERVICE STRESSES FOR JOINT 1-1

Stress (psi)
-

OutsideInsidelocation
Stress Component

J.

Thermal 633 -5857

-818421Hydrostatic

2794 836
Design Pressure

,.

-659
Dead Load -492

PSRV 1085/-1847 -2078/3639

279146
C0

SSE 1731 12194
4

OBE 1555 11664
|

\.

Stress Range (psi)
Load Combination

I 1569/-2473 -1891/498, <
.

-1361/-32
'II 1805/-2709

III 4509/175 -776/1055

-6633/-4802
IV 5142/808

(From CD-130) Gilbert Ref. Letter PY-STR-1555

:

'

<

l

|
t

- - - - - . . --_.. _ _ _ _ _ __ ,_
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i

'|
perf ectly-plastic material behavior.

The cyclic (primary or service) stresses are added to the residual stress
distribution such that the maximum stress does not exceed the assumed yield
stress of the material. The yield stress used for developing this

distribution is 78.6 ksi (see Section 5).

1
*

*

, . . . , , - - - - - - . , ~ . . - , , . _ - , - . , ., ,._ - .-..,. ~ , , , , -- c . - -
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Section 4

FATIGUE CRACK GROWTH RATES

In order to estimate the maximum extent of crack growth that could occur
at an Indication over the design life of the plant, a f atigue evaluation
was performed. This evaluation combined the cyclic stresses (Section 3)

.

with the appropriate crack propagation rates (Section 4) to obtain the
expected crack growth (Section 7).

The purpose of this section is to assess propagation rates for defect
! growth by a f atigue mechanism. With the exception of the possible plate

defect In weld joint 1-4, the defects are located in weldments, thus
requiring an evaluation of carbon steel weld material crack ' growth data.
References have been drawn together to estimate a conservative (that is

fastest possible) bound on potential crack growth. Although no data are
~ available for the exact condition in ef fect, significant studies have been

performed to permit bounding values to be estimated.

The foilowing engineering unit conventions are in of feet unless otherwise

stated:

.

e AK (stress intensity factor range), ksi /IIi

.

e T (temperature). 'F

I^^ e da/dN (crack growth rate), Inches / cycle
|

All weldnents evaluated are composed of E7018 weld metal. Data avaliable
in the literature were collected for alI types of carbon steel weld metal

L with an emphasis on E7018. A study by Maddox (L1), resulted in a
.

substantial amount of crack growth data for four dif ferent weld metals|r
| ' ncluding E7018. The four types of test specimens from Maddox are ri

.. .- - ._ . _ - . - - - . . . - - . _ . . - - - - . - . . _ . . - - . . . .-
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sunmarized 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 material (weld
metal C) are shown separately in Figure 4-2. Also shown on Figure 4-1 is

j the bounding line from similar testing on plain steels perf ormed by Gurney
I (.A=2) .

Other data from similar weld metals (4:1) with and without stress relief,
fall within the upper bound shown in Figure 4-1 for Gurney (3:2). The
literature also states that weld metals for joining steels such as A516
Grade 70 exhibit slower f atigue growth rutes than the base metals (4-4).

Residual stresses may increase crack growth rate (da/dN), but if these'

stresses are included in estimating crack growth rates, the data indicate
| that the bounding line by Gurney (.1-2) will conservatively predict cracka

growth for E7018 weldments. Figure 4-3 shows Gurney's upper bound which is

represented by:

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

The lamination-like defect in weld I-4 may propagate in either weld
material or SA516 Gr. 70 base plate material depending on the exact defect'

location and orientation relative to the weld. Both cases were analyzed to

bound the possible ef fects. The growth rate used for SA516 Gr. 70 material
was derived in previous work for Gilbert Associates (.d=1), based on
bounding curves developed from work by Bamford (3 fi), and ASE Code Section
XI L&=1). This work provides a three point curve depending on the relevant

cyclic stress range.

-10 3.76
3.8 x 10 AK AK < 4.9da/dN =

-13 8.0
4.4 x 10 AK 11 >AK > 4.9

| da/dN =

1

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

.

!

1

i

i

..___ _ _
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Table 4-1

TEST SPECIMENS FROM MADD0X*

-l
I YIELD ULTIMATE

WELD AWS/ ASTM STRESS STRESS

METAL CLASSIFICATION (ksi) (ksi)

A None 74.4 88.0 A MIG deposit using CO2 gas
shielding and 1 mm diameter
wire Type A-17 to BS 2901,
Part 2, 1960.

f B E7013 68.3 73.9 A manual metal arc deposit of
medium strength using a'

BS 1719 Class E317 rutile
coated electrode.

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

-D E9018.G 89.6 105.3 A manual metal arc deposit of
high strength made using a
BS 1719 Class E614 HJ low
hydrogen electrode.

*Ref.(4-1)

|-
!

.

i
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These values are shown in Figure 4-3. It should be noted that this curve
is very conservative relative to alI experimental data reviewed and wil1
provide even more conservative results than the weld metal curve also shown

in Figure 4-3.

!
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Section 5

FRACTURE TOUGHNESS AND STRENGTH

5.1 In+rna uc+ 1 on

(
|

Two odditional model inputs to be discussed are the material propertles;
fracture toughness and strength. As discussed in Section 2, the appiled'

stress Intensity is compared to a critical value which is defined as the
;

fracture toughness. Thus, to determine allowable flaw sizes, the fracture

I toughness must be characterized. Although no direct measurements of
I fracture toughness were performed in the course of this work, inference

! about the level of fracture resistance inherent in the material can be made
-| by reference to the Charpy impact values which are available. The

background is presented in Section 5.2. The data are discussed in Section'

5.3 for the containment welds and base plates (for possible plate

delsmination of weld 1-4). Section 5.4 analyzes typical crack opening

displacement values to be used in the elastic-plastic f racture mechanics ,

eval uation. Section 5.5 addresses the yield and ultimate strength values
to be used in the limit load assessment. Certified Material Test Reports

I (CMTR's) (CD-4. CD-7, and CD-127) were analyzed to determine Charpy (CVN),

yield strength and tensile strength data. Controlled document 127 was
provided specifically to confirm the CMTR's for E7018 used in Weld Joint
1-1 between seams 21-22 where the largest defects occurred. C0-4 and CD-7

were obtained in previous work for Gilbert and list data for many heats of

|
E7018 used in containment welds. These data have also been included (see
Table 5-1) to indicate the variation in material properties.

5.2 Frac +n * Tnnnhnace, Bacirnennnd

.

To use the analyses described in Section 2.0, it is necessary to have the
appropriate value of material fracture toughness in terms of the critical

'l plane strain stress Intensity factor (K ). Because of the excellent

toughness in this material, these data are not normally available for weld

j metals such as E7018 at temperatures around 70*F. Valid K data forIc
i

1

. - - - - + - , . , r- -, - . . , . , , , _ . _ . _ . , - , , _ _ _ _ _ _ , _ , _ . _ , , . _ _ _ _ _ _ _ _ _ _ _ .
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5-2
Table 5-1

SUMMARY OF WELD PROPERTIES BY HEAT
(AS-WELDED)

WELD WIRE YIELD STRENGTH LIMIT STRESS AVERAGE TEMP.

QC# CMTR# (KSI) (KSI) CVN (FT/LBS) (*F)

77NNI518 456 66.3 72.3 77.3 -30

77NNI540 472 78.1 83.2 69.8 -30

77NNI563 493 63.4 70.3 45.0 -30

78NNI004 552 68.8 75.7 82.6 -20

78NNIO13 557 65.8 72.0 95.2 -20

78NNIO14 557 68.4 74.3 109.6 -20

)- 78NNIO15 557 65.3 69.9 24.0 -20

78NNI016 557 65.5 71.4 85.0 -20

78NNIO24 625 65.3 69.9 24.0 -20

*18NNIl00 596 78.1 80.7 62.0 -20'

78NNI163 630 68.2 73.1 76.0 -20

78NNI164 630 63.8 69.0 115.3 -20

78NNI202 646 66.9 71.5 120.2 -20

78NNI221 653 68.1 73.9 86.8 -40

*78NNI224 655 66.3 72.6 101.0 -20

78NNI255 663 70.2 73.6 118.4 -20

79NNI016 694 84.9 89.8 66.7 -20

79NNIO17 694 78.6 83.3 92.7 -20

79NNIO18 694 67.2 72.7 114.0 -20

|' 79NNIO99 710 64.5 71.3 84.6 -20 .

! 79NNIl00 710 70.9 76.4 102.4 -20

[
79NNI131 716 72.7 79.2 80.3 -20

79NNI161 729 65.3 71.5 56.8 -20

L, 79NNI172 737 65.3 71.5 56.8 -20

80NNIO17 746 74.8 79.5 81.0 -20

80NNIO50 752 70.0 77.0 69.0 -20
'

*76NNI182 224 68.9 74.9 42.3 -30

*76NNI218 256 68.5 74.3 85.7 -30

|
'

*77NNIO58 398 70.0 73.8 138.0 -30

*77NNI519 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

!!
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|

1.5" thick material are generally only available at temperatures such as

-100*F. However, it is possible to Infer Information about the relative
toughness of the present material from available CMTR's. There are several
correlations that have been proposed to relate Charpy energy to K Ic
values. These include two empirical relationships proposed and verifled by
Barsom and Rolfe (1-1). The relationship for the transition temperature

regime is:

2 (CVN) /2
32

K =

Ic ( 5.1 )

E

s
i

where

Plane strain fracture toughness (psi /Iii)K =

Ic-

Young's modulus (psi)E =

Charpy V-notch energy (ft-lbs)CVN =

s

The corresponding relationship for the upper shel f regime is:

fK| f )a

= 1 CVN -

!
o a 20 (5.2)

|
y y

where

Material yield strength (ksi)o =

Plane strain fracture toughness (ksi /lii)K =

Ic

Barsom and Rol fe found that at 80'F. the upper shelf correlation was

appropriate for all material they tested. All their tests were with
material of yield strength greater than 100 ksi, although they claim that
Equation 5.2 is valid for materials with yield strength less than 100 ksi
if dynamic yield strength is used instead of static yield strength.

|
4 Another common correlation, due to Sailors and Corten, which was developed

for A5338 and A517F (1-2), is

t

_, , _ _ ._ , __ , _ __ .__ _ __._. _
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' O.5
15.5 (CVN) (5.3)K =

Ic

where

ksi /InK =

ft-lbCVN =

Pisarski (1-3.) who reviewed and verified by experiment ten correlations
i

including those listed above, found that good predictions can be obtained
for high strength steels (o > 113 ksi). For lower strength steels, the

t y
| correlations tend to be generally conservative with the degree of

conservatism increasing with derreasing yield strength. Thus, eliher

f Equation 5.1 or 5.3 should provide conservative estimates of critical
fracture toughness. As a check, relations between critical crack opening

I displacement value and K are also available from Rolfe and Barsom (5-4)
! Ic

and Egan (ll-1). and take the form:
2

6
[KIc)ic _i (5.4)

'y Yy/

where
Critical crack opening displacement (In.)6 =

c
Yield strain (In/In) = o /E=cy y
Critical fracture toughness (ksi /In)K =

IC| Yield Strength (ksi)l o =

y

A f urther evaluation of typical crack opening displacement (COD) values is

found in Section 5.4.
e

|f 5.3 Tnunhnamn Val nac IQr_ rnntai nment Wel ds

Specific certified material test reports (CMTR's) were reviewed only for
weld 1-1 between vertical joints 21-22 (CD-127). Furthermore. CMTR's for|

Perry containment stif fener welds f abricated using E7018 were evaluated in
'|

|I earlier work by APTECH (1-fi). These weld data are considered
[

iI':

|'
1
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representative of those that would be found elsewhere in the containment.

There is a 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 f t-Ibs.
The values given for CVH in the table are the " average." This is the
average the 5 data points |Isted in the CMTR or 3 data points if 3 data
points are given. In order to be conservative, the lowest CVN value was

used to determine fracture toughness (K ) of the weld material. Thus,

the 24 f t-Ibs. corresponds to a Barsom kolfe toughness value of 82.6 ksi

/Tii. With the exception of this one heat, all other heats have calculated
f K values greater than 132.3 kst /M.
1 Ic

I These values represent tough welds, particularly since the CVN tests were
I

performed at a maximum temperature of -20*F. welI below the operating'

temperature. This fracture toughness value of 82.6 ksi/T6 will be
conservative since:

o The Barscen-Rol fe correlation used to arrive at these values
has been shown to be conservative for materials with these

j strength levels.
,e

e Most calculated K values using this correlation are
substantially abod$ this level.

e The test temperature used to evaluate K is -20*F,

whereas a higher temperature during opefEtion wilI result
in correspondingly higher toughness.

|
|

.

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

containment structure was performed in previous work for Gilbert Associates

|1 (1-2) . This value was found to be 73.2 ksi /T5- The derivation of this
result involves considerable conservatism.

I

I
!

<
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Other values determined from Table 5-1 to complete the analysis are yield

strength and limit stress. The yield stress is used in determination of
residual stresses, as they are a function of yleid strength level. The

higher the yleid strength of the material, the higher the residual
stresses. Therefore, the upper bound yield strength is used to determine
the maximum possible residual stresses present. The limit strength is used.j

i in evaluating the limit load capacity of the structure. The limit strength
(o ) is defined as

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

4 y utsg

!

where o is the yield strength and o is the ultimate strength. For
y uts

'I conservatism in the limit load analysis, lower bound values for yield and
ultimate strength are used in the determination of the 1Imit strength.

For yleid stress, a value 78.6 ksi has been used and for limit stress, 66.0 |
ksi. (See Section 7.2) The conservatism is apparent in that the prescribed |
yield stress is 12 ksi greater than the limit stress used in the analysis.

5.4 cr ack onaninn DIcnlaramant (COD) Valuan

Crack opening displacement testing is used as a direct measure of fracture
resistance. Literature data are available to provide typical C0D values
for E7018. These are presented in Appendix A. These data were used in two

ways. First, as a check in the derivation of K and second, as direct
Ic

input to the EPFM analysis.

.( A check on derivation of the K value used can be provided by Equation
Ici

I 5.4. From the data in Appendix A, the lowest COD value data at 32'F is
.023". For this value of COD, and for c = 0.2%, o = 63.4 ksi (the

Y y
lowest strength material given in Table 5-1), the resulting K value is

le
calculated as:

i
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6 IK Ic.c . 1
'y Ny)

214.9 ksi /InK =
: ( Ic
1

1

Thus, the value of 82.6 kst/TK taken in Section 5.3 corresponding to a CVN
value = 24 f t-lbs. , is very conservative.
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! Section 6 '

i CHARACTERIZATION OF FLAWS

I

The final input required for the fracture mechanics evaluation is flew
size. The applied stress Intensity factor calculated by linear elastic
fracture mechanics methods and the not section stress of the limit load
method will both require an accurate description of flav dimensions. This
wilI include both depth and length Information. Length information is
generally easier to obtain as the projection of length onto f!!m is
obtained by standard radiographic methods. Depth date have been less
easily obtained without resort to volumetric examination by ultrasonic
techniques or destructive testing technioues. For structural integrity
evaluations an assumption has been generally imposed that ::onfines the flaw

depth to one weld pass in multipass welds for certain defect types. Th!n -

assumption wilI be conservative for porosity and slag inclusion defect
types. However, in many Instances it may be overly conservative. Such an
assumption confining the expected defect depth to one weld pass will not
however guarantee conservatism for " linear" defects like cracks, lack of
fusion and lack of penetration. To more fully characterize both types of
defects in the weld joints of Interest, a radiographic enhancement ,

technique has been used. This is discussed in Section 6.3 below. The
enhancement procedure also allows accurate length sizing of defects. When
combined with equations of Interaction (discussed below), this allows the
analyst to determine if two sdjacent defects or a series of defects should
be most accurately represented as single Imperfections or treated as

! continuous. The details of defect interaction are discussed In'Section
6.2. The following section discusses the effect on structural integrity of'
the rounded defect types, particularly slag inclusions.

6.1 Iba Effac+ ci llag inclusions na s+ruc+ure Intenrtig

Work by Harrison (6::1) has indicated that slag inclusions have little#

i of fact on the tensile strength of butt welds up to considerable percentages
|

-- . _ . _ ___ . _ _ . _
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6-2
4 ,

of cro'ss-sectional area. In support, he shows results of work by Ishil
I

(M) and by KIhara (ft-3). These results are shown in Figure 6-1.
Harrison further points out that by their nature slag inclusions are
unlikely to occupy a large proportion of the cross-sectional area of a
given weld and the weld metal will usually overmatch the base metal in
strength. The conclusion to be drawn trem these f actors is that the of fact
of slag inclusions on static tensile strength in materials like E7018 is
negilgible. Harrison confirms that size-for-size, slag inclusions wilI be

;
less detrimentel than cracks because of their roundness and limitations oni

~

their through-thickness size.

A simillac conclusion is reached considering low cycle fatigue. Work by
'Ishll and lida (fc.4) is shown in Figure 6-2 and indicates that slag

inclusionshavelitt{eeffectonload-controlledlow-cyclefatigueandup
to lives of about 10 cycles. The design can thus be based on the static
tensile behavior. For the analysis of these inaccessible defects, the
structure may be subjected to as many as 18,600 cycles. This is stilI
considered low-cycle fatigue for the purposes of our analysis, and the'

offact of slag inclusions wilI be welI characterized by the static loading
case, particularly in light of the relatively low magnitude of the cyclic
stresses (relative to the f ully reversed limit level stresses used to

| generate the S-N curves of Figure 6-2). Additional results given in
|

figures 6-3 though 6-5 Indicate the ef fects on fatigue strength for highi.

cycle fatigue. The number of cycles required to enter a regime'

characterized by substantial ef fects on life is shown to be at least anl ''

order of magnitude greater than the design life in the present case.

l

In summary, Harrison (fel) states that there seems to be suf ficient
evidence to indicate that under load-controlled conditions, low-cycle

,

fatigue Is not a problem which will be influenced by the presence of slag

f inclusions.

The' tensile strength, o , of a defective butt weld wilI be either

,

,

.
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o (1 - AA/A)
u,w

or o
u.p

whichever is least. Where:

o = the tensile strength of the weld metal

o = the tensilo strength of the parent material

~l
AA/A = ratio of the loss of area due to porosity or slag

inclusion to the total area

The ef fect of porosity on structural Integrity is similiar to that for slag
inclusions. Figure 6-6 shows the of feet on tensile strength of a weld as a
function of volume of pores. This figure is from work by Harrison (4-1).
Figure 6-7 shows the effect on fatigue Ilfe for porosity defects for the
case of low cycle fatigue. The behavior is similiar to that for slag
inclusions. Harrison concludes for porosity (.6_1) that, "There seems to be
suf ficient evidence to Indicate that, under load controlled conditions, low
cycle fatigue is not a problem which wilI be Influenced by practical
porosity levels." Furthermore:

"In view of the probable necessity to limit porosity to some
percentage probably well below 10% because higher levels would
obscure other defects, there is no need to give f urther
consideration to the offect of porosity on static ductile
strength. This is because weld metals normalIy overmatch
parent material strength and even where this is not the casei

the percentage reduction in strength due to porosity is equal|

to the percentage by volume of porosity and at a maximum of
10% this would not in any normal circumstances be significant."

.
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6.2 Defect i n+ arac +t on and .tha Madal ing nf. Def ects

in light of the discussion in the previous section it is clear that the
rounded defects such as porosity and slag inclusions will have less
detrimental ef fects on structural Integrity than linear type defects.

,

However, for the purposes of this analysis-we will continue to model the
rounded defects as a sharp crack-like defect of the same size. This
assumption wilI lead to a very conservative assessment of the potential for
f ailure as caused by these Imperf ection types. Thus both linear and
rounded defects wilI be treated as 1Inear imperfections.

t

,! Fracture mechanics analyses Indicate that the of fect of a surf ace

Imperfection on structural Integrity will be much more severe than that of
'i a buried imperfection. Since we presently have no information about the

relative location of the observed Imperfections within the weld (In one or

'i two cases'some location data are available in the form of ultrasonic
'i inspection records, but generally speaking this additional Information is

not available). the assumption has been made that the defect is-

surface-connected. This will give the most conservative result in the
calculation of applied stress Intensity factors. The model that has been

|
i used incorporating these considerations is the surf ace connected elliptical

flaw as shown in Figure 6-8.
,

; l-
! The available Information which is contained in the radiographs of the

| welds of Interest has been assessed using a computer enhancement system.
'

( That procedure is discussed in the foiIowing section. However. as a
prelude to that discussion some preliminary remarks should be made
regarding the Interaction of adjacent defects. The British Published

' Document PD 6493:1980, "Guldance on Some Methods For the Derivation of

Acceptance Levels For Defects in Fusion Welded Joints" (fe10) provides
perhaps the most complete detailing of interactions between weld defects.

i
A sample of those interactions is shown in Figure 6-9. Of particular

interest are the criteria for Interaction for the coplanar surface defects
(

,

and the coplanar embedded def ects. As can be seen, if the separation
distance, s, was greater than or equal to the mean of the defect lengths

_

|

|

;'

i.
I

_ _ _ _ _
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t}
}

then the defects can be treated as separable for the structural integrity
analysis. Furthermore, for def ects which Interact, the maximum defect
depth has been taken to be the maximum of the two Individual defect depths
as Indicated in Figure 6-9.

,

6.3 Digf +al Enhancament Methods lland in lha Procant Analvais

Digital enhancement methods have been used in this analysis to provide
accurate length and depth values to be used in the fracture mechanics

' calculations. The image of a radiograph is digitized and then computer
i

j manipulated to provide accurate measures of film density. Indications on ,

the radiograph can then be Interrogated to determine their extent in the
g

| through-thickness direction. By comparing numerical measurements of
density of Indications with known density changes from image quality
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 technique,
particularly important in this case, was the use of digital 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 density was
found to be Indistinquishable from that of the weld remote from the defect.
Once this location was found then the Interaction criteria given in the

| previous section could be applied 1ro determine the defect length to be used

fI in the fracture mechanics analysis.
i

The digital enhancement techniques used have been applled to several
nuclear applications including both the enhancement of radiographic records
and the real time signal enhancement of inspections by remote video camera.

Appendix B provides futher Information about the previous uses of these
techniques and includes a recent paper presented at the International

-f
Conference on Fracture Toughness Testing - Methods interpretation and

Application in London, June 9-10,1982 (fell). which gives f urther

1

L
_ _ . _ _ _ _ _ _ _ _ _ _ __
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.

background information about the methods used to establish the depth of'

Indications in radiographs.

6.4 Fanuits of tha Elm Characterfration

A total of 21 radiographs from weld 1-1, an 43 radiographs from weld 2-1,
as well as film for weld 1-4 (79-80) 11-12, were examined using the

j
enhancement techniques discussed above. The results are given in Appendix

C, which lists all the welds examined and the maximum defect length and

depth found on that radiograph. In many cases, the maximum depth and'

length were on separate flaws. For example the maximum depth defect was
usually a rounded Indication, but the longest defect was linear. It should

be noted that the resulting bounding or worst case flaws will be much more
accurately sized than simply assuming a depth equal to a full weld pass.
Furthermore, the linear Indications tended to be shallow, although in some
cases, relatively long.

In most of the radiographs, the defects were singular or, by analysis using
the interaction equations not separable. However, several of the longer
defects were separable using the information provided by the digital'

techniques.

|

|
The enhancement work allowed the following wcest case defect types, lengths

|
and depths to be entered into the fracture mechanics analysis:1

|

Weld Location Maximum Length Depth Weld ID

'

|

'

| Weld 1-1, 2-1

inaccessible Defects 4.0" 12.0% 1-1(21-22), 5-6

f
1.125" 14.35 2-1(35-19), 14-15 R1

(slag defect)

i

.

.

.g,-- .4- , y. ,. m..e, , --



,
_ _ - - - - - _ _

9

6-13

.

Additional inaccessible Welds
- Wold 1-4, 2.75" 10.0% Estimate of worst

condition from
CD-139, attachments

3-5

Welds 1-7, 1-9 1.75" 10.0% Estimate of worst
condition from
CD-139, attachments

3-5
4

1

e

a

!
;

..
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Section 7

RESULTS OF THE ANALYSIS

The following sections present the results of the analysis which were
perf ormed using the methodologies discussed in Section 2.0 and the inputs

of Sections 3.0-6.0. The results of the linear elastic fracture mechanics
analysis are discussed in Section 7.1, followed by the results of the
elastic-plastic and limit load analysis in Sections 7.2 and 7.3
respectively.

FIact!e Frne+ure Mac_hanIen (IEFM) AnnivsIs7.1 Recults af.dha }. IAC

The LEFM analysis was periormed using the BIGIF (Boundary Integral
Generated Influence Function) computer program. This program performs the

numerical integration of equation 2.10. The program can be used to

evaluate the ef fect of both cyclic and steady state loading on a 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 seems 1-1 and 2-1, the maximum
length defect could be modeled as 4.0" long and 12% of the weld thickness

,

in depth (see Section 6.4 for details). The worst cyclic stress condition
was found (see Section 3.3) to be load combination 111 (CD-130). These

|
conditions and the bounding f atigue growth rate developed in Section 4.0
were combined in case number 1, which is BIGIF run 1H1. The results are

shown in Table 7-1. These Indicated that very small growth over the full
|

design life of the plant for these conditions can be expected. The
possibility for fracture, given a maximum one time stress loading of this

. final flaw size was then assessed. The results are listed in Table 7-1
under case 1, run 1H2. The appropriate bounding stress case was load
combination IV (CD-130). The results indicate an applied stress intensity

' factor (K ) for this bounding case to be 60.0 ksi In. This compares to
a

the critical value 82.6 ksi in (see Section 5.3). This in turn implies

f
that this size defect will not propagate by a fracture mechanism.i

|'
<

f

!
;

_. _. .- _ _ _ . _ _ _ _ _ . ___ . . _ . . _ , _ . , _ _ _ _ _ _ _ _ _ . _ _ .
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Table 7-1
,

SUt#4ARY OF RESULTS <

KWeld Data Stresses Bounding Flaw Evaluation a 7
'

pg,
Case No. Orientation Seam No. Joint Load Combination Lenath Depth For! ksi/In. KICK+

60.0 1.37
| 1 1H1 Horizontal 1-1, 2-1 1 III-+3 4.0 12%(.180) Fatigue

1H2 Horizontal 1-1, 2-1 1 IV- $ 4.0 '12%(.180) Fracture
60.0 1.373

1H5 Horizontal 1-1, 2-1- 1 III-4 1.1 14%(.214) Fatigue- 57.5 1.443

| 1H6 Horizontal 1-1, 2-1 1 IV- $ 1.1 14%(.214) Fracture
57.4 1.44,

3

2 6H1 Horizontal 1-4 5 III-4"'3 2.75 10%(.150) Fatigue 54.68 1.345,

! 6H2 Horizontal 1-4 5 IV- $ '9 2.75 10%(.150) Fracture 54.68 1.3454

3 6H3 Horizontal 1-4 5 III-4"'9 2.75 10%(.150) Fatigue 54.68 1.51

I 6H4 Horizontal 1-4 5 IV- 4"'9 2.75 10%(.150) Fracture 54.68 1.51

4 8H1 Horizontal 1-7, 1-9 5 III-$" 1.75 10%(.150) Fatigue 53.48 1.54 y

8H2 Horizontal 1-7, 1-9 5 IV- 4" 1.75 10%(.150) Fracture 53.48 1.54 N,

'

l

.' NOTES:
,

1. Fracture and fatigue susceptibility checked for worst load combination
;

2. Maximum at end of design life

3. Taken from CD-130.

\
'

I 4. Taken from CD-139
4

| 5. Check using base plate growth rates and toughness

! 6. Check using weld metal growth rate and toughness properties

7. K taken to be 82.6 ksi/T5 for weld metal, 73.2 ksi/in for base metal ,

Ic
8. Governing case is load 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
a

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

7.1.2 WeId 1-4
t

:

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 af facted
by either weldment or base plate properties, both possibilites were run.
Case 2, runs 6H1 and 6H2, use base plate properties. It should be noted

,

I that the actual orientation of the defect is such that stresses to af fact
it would be the through-thickness stresses which are very smalI (CD-139).

,,
For purposes of this bounding analysis the flaw has been modeled as if

I oriented normal to the maximum stresses in the longitudinal defect. The
i results wilI thus be very conservative when obtained. As with the

Imperfections in seams 1-1 and 2-1, the combination of stresses and flaw
. size modeled predicts structural failure wilI not occur for either set of
material properties.

7.1.3 Welds 1-7 and 1-9

It was noted that weld 1-7 is at worst a 9/16" long slag line. In weld

1-9, an excavation for repair was made and that area is not covered by RT
to assure repair was completed. Attachment 3 in CD-139 reasons that a
bounding case of a flaw 13/4" long will bound both 1-7 and 1-9 defects.
Case 4 runs 8H1 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 containment near joints 1-7 and 1-9 are substantially lower (compare

CD-139 attachments 2 and 6). Even with the conservative bounds, this model

predicts structural failure wilI not occur.

i
!
t

7.2 Limit Load Analvnft

As discussed in Section 2.0, limit load provides a bounding method of'

,

a
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analysis for structural failure. It is based on two theorems. The first
gives rise to lower bound solutions and states that a structure wilI not'

fall if the applled forces can be balanced by a redistribution of stress
such that the Induced stresses do not exceed the yield or flow stress. The'

l
' second theorem, which is an upper bound theorem, states that the structure

wilI collapse when the rate of external work done by the applled forces
exceeds the rate of internal plastic work for any collapse mechanism. As
the first theorem provides lower bound results, it will be used in this

( analysis.

Many solutions have been developed to calculate the critical stress for
various geonetries and loading conditions using the lower bound theorem.
Several of these are reported in (1-1.). For a center-cracked plate under

uniform tension (Figure 7-la):

o = o (1-2a/t) (7.1)
c 4

and for a single edge-cracked plate in tension (Figure 7.Ib):

(7.2a)'j
"c * O (1-a/t)[ 1+1n 1-a/2th] for a/t 5 0.884

'

t
1-a/t /and

#c = 2.571og (1-a/t) for a/t > 0.884
(7.2b)

i

| These solutions are for infinitely long flaws, which provide overly'

conservative solutions. The ef fect of flaw aspect ratio may be considered
.

by replacing a with:
t

I
2 2a(1-(1+1/2t)-i)

2 2 (7.3)'i 1-a(1+t /2t )-1/t
!

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

l

.

- -, . - - - - - - - . . . . . , . - -. . .--
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Figure 7-1 Flaw Geometries for Limit Load Analysis

__ .__ __



,
<

7-6

o = 1/2(o +c) (7.4)
4 y u

Where o and o are the minimum values of yield strength and tensile
y u

r strength. The minimum limit stress in E7018 can be taken to be 66 ksi
which corresponds to the specified minimum tensile and yield strengths of
72 ksi and 60 ksi respectively (taken from AWS A5.1-78 " Specification for

,

'| Carbon Steel Covered Arc Welding Electrodes" (1-2).

Simplification to the governing equations occurs in this case because any
bending stresses applied to the structure will appear as a uniform stress

i across the section. Further, the size of the detail is suf ficiently small

so that a crack wilI not af fect the Integrity of the structure by net loss
of sectional area. Limit load wilI thus indicate f ailure when the applled

stress in the net ligament is equivalent to the maximum stress which the
section will support, or the limit stress. The critical area loss to cause

,

|. limit load failure was determined from the maximum appIIed tensile stress.
The maximum design tensile stress is found to be in Joint 3, load'

combination IV, longitudinal stress component o , inside surf ace and is
&

equal to 33,136 psi (CD-139).
P

If
i

This worst case stress will only result with a section ligament loss of
49.8%. 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 against

failure by a limit load mechanism.

!

7.3 EIactIc-PIactIe Frac +ure MachanIen (FPFM) RacuIts

To assure that the linear elastic fracture mechanics analysis was

; conservative, an EPFM analysis was completed utilizing the concepts

outlined in Section 2.1.2. The basis for this analysis is the "Draf t

|
British Standard of the Rules for the Derivation of Acceptance Levels for

Def ects in Fusion Welded Joints" (h3.). Since a rigorous elastic-plastic
analysis is very complex compared to LEFM, the Draf t Standard has

'

t

!
'

I
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,

simplified the procedure by using a semi-empirical design curve set in its
current form by Burdekin and Dawes (1-4). Experimental work was performed
by Burdekin and Stone CZ-1). For a defect in a uniform stress field, the
relationships befween (X)D and applied strain are:

$ = (e/e )2, for 0 < e/e < 0.5,
c y y

(7.5)
<2$ = e/e, - 0.25, for 0.5 < e/ey

where $ Is the non-dimensional (X)D, i.e.,
i

$= 6
(7.6) ,

2ne _ay
.

1

The 000 design curve, shown in Figure 7-2, relates the non-dimensional CDD,
.

_$, to the ratio of applied strain to yield strain. The appiled strain is
taken as the local strain which would exist in the vicinity of the crack if

the crack itself were not present. It has been shown (1-6) that this
design curve is conservative, and thus the allowable flew size, a, will be
a smaller than the critical flaw size, a .

The design curve is based on a through-thickness defect (a =
through-thickness crack hal f-length). Although not rigorously justified,
it has been suggested that the of fact of crack shape is the same for
contained yielding problems as for IInear elastic problems (1-1). Thus, a
pseudo-elastic-plastic solution to part-through cracks can be developed.

j For a through flaw with the geanetry shown in Figure 7-3a, the LEFM
expression is:

I (7.7)

For a surf ace crack with the goemetry shown in Figure 7-3b, the LEFM

||
|'

-
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expression is:

YS cAiaK =
g

(7.8)$2

r

where M is the magnification factor due to finite thickness of fects.
T

2 s the ellipticM is the free surf ace magnification factor, and $ 1

integral of the second kind. It can be seen that

i

3

K(Ithrough-thickness flaw j (7.9)
iK =

surface flaw $2

From this relationship, solving for an equivalent through-thickness crack
size gives:

[M M1 yS.

I"Y I( #2) (7.10)
: a a
i

~

1.

|.

The val ues of -- S= f ere taken from a survey by Maddox (1-A), and,

are shown in figure 7-4.

It can be similarly shown that for a buried elliptical crack with the
geometry shown in Figure 7-3c:

fM M) 2; , g

i "7 (7.11)

where M is the magnification f actor at a point due to the nearest free
e o
I- surf ace and M,Is the magnification factor at that point due to the more

remote free shrface. These values were derived from the finite element

!

.
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1

work by Shah and Kobayashi (2-2), and M and Mnare shown in Figures 7-5,

o
and 7-6 respectively. The elliptic integral, 4 ' IS P otted in Figure 7-7.l

2

For a/c ^= 0; M M was derived from Fedderson's relationship (2-1.0):
oW

f 1/2
i
sec , 3

|M= -

( .tj'

|

Thus, combining the (X)D design curve with equations 7.6, 7.10, and 7.11, a'

relationship can be developed between allowable flaw size and allowable
strain levels for each crack conf Iguration. The Draf t Standard contains
criteria which require that when a crack tip approaches a free surf ace, the

flaw should be reassessed as a surf ace-connected flaw (a buried flaw is
recategorized as a surface flaw and a surface flaw is recategorized as a
through-thickness flaw). The buried flaws present can be conservatively

f
modeled as surf ace flaws and in the present case, only such surf ace flaws

' and through flaws have been considered.

The critical value for crack opening displacement was taken to be 0.023" as

outilnad in Section 5.4. The yield strain is assumed to be 0.2%. The
;

b calculated allowable flaw sizes for surf ace defects are shown in Figure 7-8

for 1.5 inch thick weldments.

The theoretical development.used is valid to strain ratios (e/e ) up to
Y

2.5 but are plotted beyond that point to demonstrate that at flaw depths ofi

approximately 10% of the welI, a very large margin to fracture exists. The
results are shown for a variety of aspect ratios. For a/2c = 0.0, an
infinitely long flaw is modeled. The theory provides a recategorization
process at a depth of 50% of the wall thickness. The flaw should then be
considered as a through-flaw.

Figure 7-9 shows the results of the elastic-plastic through-flaw analysis.
.

The length of a critical flaw as a function of strain is given. For
through- flaws, residual strains are not included.'

!

t
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For the present case, the ratio of maximum applied strains to yleid strain
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 larger predicted altowable fIaw lengths.

Two notes are of Interest here. First, the toughness used was taken from

generic data and not plant specific Inf ormation. Thus the flaw values
should only be used to gauge the reasonableness of the LEFM approach as was

their intent. Second, this EPFM approach has an inherent minimum factor of

safety of 2 on flaw size.(1-11)

t 1
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Section 8

CONCLUSION AND SUMMARY

This report sunmarizes the results of an evaluation of the ef fect on
structual Integrity of several weld Imperfections. These Imperfections
were assessed from Indications in radiographs and have been analyzed in

separate regions as follows:

e inaccessible defects in weld seam 1-k and 1-2
I
1.

e Potentially rejectable inaccessible regions in weld 1-4

e Potentially 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 f ailure over the plant design lifetime. This analysis has

included the ef fects of:

e Flaw growth by a f atigue mechanism
.

e Residual stresses
.

e Worst case applied stresses (steady state plus cyclic)
|

| ,

f e Maximum defect sizes
|

[

!
Throughout the analyses, conservative estimates of input data have been(

used. These are summarized as foilows:

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

!

,

, , - - - - - - , --, ~ - , - - , - -
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obnservative in this analysis as compared with both
elastic-plastic f racture mechanism and limit load methods.

The LEFM calculated final flaw conditions do not account for the
Increased ductility that w!!! be available at operating
temperatures.

e Residual stresses. Bounding values from distributions published
in the open literature for like weld details have been used. .

,

I
L

e Flaw location in the through-ihickness direction

e Flaw geometries. In all cases semi-elliptic surf ace flaws have
,

I
been used to bound buried and near surf ace flaws. Many of the

I flaws thus bounded may be buried, in which case, substantially

larger margins against f ailure occur than those listed.
|

I

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

of crack growth.

e Choice of applied stresses. Bounding stress cases (including
numbers of cycles) have been used.

e Material toughness. Material toughness values derived from 00D

data were shown to be conservative. In addition, data was collected

at -20*F. which is much lower than the expected service tanperature.
I

e Limit strength of the material. Values were estimated that result
in conservative estimates of renalning ligament.

; .

!
,

|

.
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Appendix A
j
( SUPPLEMENTAL TOUGHNESS DATA
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APPENDIX A

CRACK OPENING DISPLACEMENT (COD) VALUES - E7018 WELO METAL
,

-TEST
TEMPERATURE C00 DIAMETER REFERENCE

(oF) (in.)- (inches) COM4ENTS

I
-20 .0182 5/32 Lincoln LH-70

Ductile
Ductile

-50 Ductile
Ductile

-100 .0107
I >

-20 .0133 5/32 Lincoln LH-72 k
.0192

Ductile
-50 .0018

.0113
-100 .0011

I
+14 .0224 1/8, 5/32 Lincoln LH-72

.0118

.0209
210nn C0D specimens for E7018 weld metal II

-76 Tearing

-76 >.030 1 in2 C00 specimen. E7018 weld metal
,

:
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APPEtiblX A
.

(Continued)

TEST!

TEMPERATURE C0D REFERENCE
foF) Hn.) DIAMETER C0ft1EllTS

-94 10 values ranging British equivalent to E7018 III'

from .008 .034
i = 20.00
s = 10.01

-40 22 values ranging British equivalent to E7018 III

from .016 .048
i = 34.45

i

s = 9.246
"

32 22 values ranging British equivalent to E7018 III

from .023 .052
i x = 39.68

s = 7.305

> ,

1

=
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APPENDIX A

REFERENCE LIST FOR FRACTURE TOUGHNESS DATA - E7018f

I. Personal correspondence between W. McNaughton (Aptech Engineering
Services) and R.C.' Shutt (The Lincoln Electric Company), Dated

| May 22, 1979.
i

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

>

' III. 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.j

!
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Appendix B

BACKGROUND INFORMATION ABOUT DIGITAL IMAGING TECHNIQUES
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APTECH incel29 = = ' = = = " " "

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

INSPECTION SIGNAL ENHANCEMENT SERVICES'

FOR THE NUCLEAR POWER INDUSTRY

Aptech Im.ging, 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.
f

j Records management to store and retrieve in digital format, radiographs,
engineering orawings, etc.

These enhancement techniques have already had wide application in the nuclear
Wepower industry to aid resolution and interpretation of inspection signals.

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

CLIENT SERVICES PROVIDED

Southern California Edison Enhancement of indications in radio-
San Onofre Generating Station Unit I graphs of welds in main steamlinesr

I

Boston Edison Company Enhancement of images from underwater

Pilgrim I
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.

Gilbert Commonwealth Asspciates/ Enhancement and interpretation of
Cleveland Illuminating Company radiographs of containment welds.
Perry Nuclear

Rolls Royce Nuclear Ltd Enhancement and interpretation of old
radiographs.

,s

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

DigitalImaging Systems for inspection, Records Management and Signal Enhancement

,

_ _ _ _ _ _ _ _ _ _
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Nuclear Regulatory Commission Enhancement of radiographs of stress
corrosion cracks adjacent to welds in
Type 304 stainless steel.

<

Bechtel Power Corporation Demonstration of digital records
management system to store and retrieve

' ~ radiographs'and engineering drawings.

Battelle, North West Demonstration of enhancement techniques
for underwater viewing of reactor

| internals.
(.

Consolidated Edison Company Radiographic enhancement for defects and
restoration of old radiographs.r

i

Enhancement and interpretation of defects
i,

General Electric Company in radiographs of nuclear plant valve
bodies.

Enhancement of video tape inspection
GPU Huclear

{ records of core spray sparger.
j

Enhancement of video tape inspection
,'

records of cora spray riser piping and.

reducer.
'

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

,

Enhancement of radiographs of stress
Northern States Power corrosion cracks in primary piping.,

f
Power Authority, State of New York Enhancement of original fabrication

radiographs from steam generator closure
weld.

Bechtel Power Corporation Determination of defect dimensions
South Texas Project (length and depth) in emergency cooling

water lines.

Enhancement of radiographs from pipe toDuke Power Company
valve welds.

Enhancement of piping radiographs f romNorth East Utilities
fiillstone III.

Further details about these services and individual utility contacts can be

provided to you on request.

|

t

,

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

9 1.0 SYNOPSIS
.

This paper describes the calibration 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 their e.: tent 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 indications can
be determined.

i

A calibration procedure is also ' described wherein known defects were introduced'

into a steel sample which was then radiographed. 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.
,

i
!
i

i
|

|I
t

,

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

"* Consulting Engineer
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| 2.0 INTRODUCTION .

Fracture mechanics principles have been used to characterize a wide range of f
,

,

failure mechanisms including brittle fracture, ductile fracture, fatigue, stress
corrosion cracking, and also weld cracking phenomena. The analysis required to
characterize any of these crack extension mechanisms is based on determining a

,

,

|
material property (e.g., toughness in the case of fracture problems), the acting
stresses that can cause crack extension, and calculating the critical flaw size4

for crack initiation or continued crack propagation. In any of the ar.alysis

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

tests, uncertainty in thesize to cause brittle fracture, scatter in data of KIC

f
definition of stresses including residual stresses and the errors associated with
flaw sizing techniques mean that when critical flaw sizes are calculated, marginsj

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 Q). 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 :.o

|" perform the complete probabilistic analysis to establish the probability of
failure by the mechanism that is described by the deterministic fracture
mechanicsequations(2). Having derived this number, however, there is usually
uncertainty in establishing the sign"ificance of such numbers (3) and comparisons
of risk between different events can be made to judge the comparative

significance of an outcome.

'

! By looking at uncertainty in the input parameters, it is possible to establish a
Forranking of importance of input variables to any fracture mechanics analysis.

example, by the very nature of the equations that describe the interrelated
1

-- - - . - . - - . . - . . - . . . _ , -
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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 input data.

The importance of establishing the initial flaw size can be determined by
studying the equations which describe some of the fundamental failure mechanisms.
Table 1 outlines the relationship between calculated critical flaw size and the
measured flaw size for three different failure mechanisms--fracture, high cycle

i fatigue, and stress corrosion cracking in sensitized Type 304 steel (4). It can

I

i be seen that the importance of flaw size dimensioning increases as the exponent
I of K or AK 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).

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 reliable methods of flaw sizing.

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,

t

i uncertainty is the presence of a human interpreting and recording information.
The work that we describe following is aimed, in the long term, at providing
automatic pattern recognition systems for flaw detection and sizing.

f

.

I
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Table 1

IMPORTANCE OF FLAW SIZE IN FRACTURE
MECHANICS ANALYSIS

FLAW SIZE

FAILURE MECHANISM GOVERNING EQUATION DEPENDENCE

I -b
Brittle Fracture o = a

c gg

m-2 --

0 1*1} 3
( 1- -

|
aFatigue N = ,

Y ')( -

,{
-

m-2
,

2 ,-3**i Stress Corrosion Cracking T o "ax
-

a=
m iof Sensitized 304'

i

-
t

|

*For m = 3,

|
**For m = 8

I

I

I
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30 DIGITAL IMAGE PROCESSING TECHNIQUE _S .

3.1 Background

The digital image processing techniques that we have developed are described in
idetail elsewhere, however, a short sumary of the basic background technology

will be provided here (6). A diagram of the equipment that is used to capture6
,

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,

j 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 copy 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
I

-| 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 experience, 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

I 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 available to the observer by use of

,

digital techniques of analysis. Small density differences not discernible to the
unaided eye can be made 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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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 Heasurement 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

quality indicators or the plate thickness. For example, since the computer

L 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;

I 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
possible to do 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
in a straight forward manner. Some coments are made later on how the procedure

may be changed to establish positional information relative to the two free
s'urfaces of the parts being examined.

|
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2b. Dimensioning by Computer. ,

,

Figure 2 - Example of Dimensioning by Computer.|
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3.4 C411bracion

To determine that the procedure does provide accur' ate measures of defect depth

into 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 subsequently
'

digitized and processed. The image could also have been collected on film.

On:e the image had been collected on videotape, the information was presented to'

the computer in digital format. We were then able to establish measures of defect
height through the thickness for the range of defects contained in the blocks |

(Fig.4). The defects consisted of machined notches and drilled holes, and these
were also measured using gauge blocks. A comparison of the two methods of

measurement is shown in Table 2. It can be seen that a small uncertainty 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 - Calibratior. Blocks.
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i Table 2

RESULTS OF CALIBRATION - BLOCK 4(.
:

i Digital Information Estimated Depth Measured Depth

} ' Defect Full Plate Defect (inch) (inch)
| L

h 451 2550 3390 0.107 0.110
2775J

h 452 2775 3380 0.800 0.075
2900

4S3 2900 3370 0.068 0.060
2925

|
4H1 2200 3260 0.162 0.113

6

o 2200
2200ti[ 2200g

4H2 2350 3050 0.125 0.098
2350
2250

. 2200
2335'

.

,

4H3 2400 2870 0.086 0.067'
'

2400
|' 2350;,

i

.

.

.

.

.
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4.0 APPLICATIONS

In this Section, we outline a specific application of 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
o
it .

structures.
u

t

4.1 Offshore Pipeline Welds'

In this particular example, we were supplied with radiographs of welds from the
main legs of fixed platforms located in relatively shallow water (i.e., 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 d

digital information down until the picture becomes focused. The results of this
,

,

procedure are shown in Fig. 5. After tnis procedure was completed, we then

| interrogated the image quality indicator wires to establish a unique calibration
for each 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

c missing information for through thickness position was not necessary. An example

h- of the procedure used is shown in Fig. 6.
i.

! 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 techniqu'e has also been used for defect identification.'

.

h

.

I

.

!

.
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Figure 5 - Root Pass of Weld in Offshore Platform.
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5.0 CONCLUDING REMARKS

It would be unrealistic to conclude without a few cautionary comments. First, the

f technique that we have developed can only be used on images that have not been
enhanced using non-linear transforms. Obviously, in such enhancements, where

particular parts of the grey scale are compressed, a calibration on one part ofI

the' radiograph would not apply at other locations on the radiograph. Second,'

where the indications are smallsr than one pixel (1/512 of the image), unique
depth informction cannot be determined. This is not really a practical limitationi.

.

I because it is possible to capture a smaller part of the radiograph.

I
< In additio'n, from a single radiograph we cannot determine the location of the

' ' ' indication'in the through thickness direction. It is necessary to take one other-

shot at an angle to be able to reconstruct all of the positional 1nformation.
,

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 dimensions and positions.
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DETAILS OF THE FLAW CHARACTERIZATION WORK
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b
L

SUMMARY OF RADIOGRAPHS REVIEWED
INACCESSIBLE WELDS

,

JOINT STATION DEFECT LENGTH (Max) DEPTH (Max)

I

0.75" 5.8% |Unit 1

1-l'(21-22) 4-5 Elongsted Slag
. 4.0" 11.0%

1-1 (21-22)- 5-6' LOF
1.0" 11.4%

1-1 (21-22) 11-12 LOF
0.3" 10.7%

1-1 (21-22) 12-13 LCF
0.5" 6.0%

1-1 (24-25) 9-10 Elongated Slag
0.63" 13.3%

1-1 (24-25) 16-17 LOF
0.4" 11.1%

1-1 (25-26) 10-11 LOF
0.75" 12. %

1-1 (26-27) 9-10 LOF
0.2" 8.8%

1-1 (27-28) 4-5 LOF 3.9%0.6"
1-1 (28-29) 3-4 LOF

4.5" 8.8%
' 1-1 (28-29) 4-5 Slag 8.7%0.32"

1-1 (28-29) 5-6 Elongated Slag
13.6%0.5"1

1-1 (28-29) 18-19 LOF 12.5%0.5"
1-1 (29-30) X-17 LOF

0.75" 5.4%-

1-1 (30-31) 8-9 Elongated Slag
1.25" 10.0%

1-1 (31-32) 11-12 Elongated Slag
1.0" 11.3%

1-1 (32-33) 2-X Elongated Slag

1-1 (33-34) 24-25 No Defects Observed
0.5" 8.8%

1-1 (34-35) 17-18 Crack / Pore
0.5" 1.7%

1-1 (35-19) 1-2 LOF
0.19" 5.3%

1-1 (35-19) 6-7 Isolated Slag
4.5%0.7"

1-4 (79-80) 11-12 Slag

Unit 2|

2-1 (19-20) 1-2 Slag /LOF 1.0" shallow

'

2-1 (19-20) 3-4 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%

.:



.)

C-3

JOINT STATION DEFECT LENGTH (Max) DEPTH (Max)

2-1 (20-21) 10-11 Slag 0.5" shallow

2-1 (20-21) 11-12 Slag /LOF 0.62" 6.2%

2-1 (20-21) 12-13 LOF 0.5" shallow

2-l'(20-21) 14-15 Slag /LOF 0.4" very shallow

2-1(21-22) 4-5 Slag 0.5" shallow
,

- 2-1 (21-22) 5-6 Slag /LOF 0.5" 7.4%

2-1 (22-23) 11-12 LOF 0.4" shallow

2-1 (24-25) 7-8 Slag /LOF 0.5" 5.3%

2-1 (27-28) 0-1 R3 LOF 0.31" shallow

2-1 (27-28) 1-2 Slag /LOF 0.62" shallow

I 2-1 (27-28) 11-12 Slag /LOF 0.4" rounded

} 2-1 (27-28) 13-14 LOF 0.5" 3.0%

! 2.-1 (27-28) 16-17 LOF 0.6" shallow

2-1 (27-28) 19-20 Slag / Pore 0.4" rounded

2-1(28-29) 12-13 Slag 0.75" shallow

2-1(28-29) 13-14 Slag 0.5" shallow

2-1(28-29) 24-25 Slag 0.62" 6.0%

2-1(28-29) 25-0 Slag / Pore 0.62" 7.6%

2-1 (30-31) 0-x Slag 0.5" shallow

2-1(30-31) 6-7 Slag /LOF 0 . 4 '- shallow

2-1(30-31) 11-12 Slag 0.19" very shallow

2-1 (30-31) 12-13 Slag /LOF 0.5" 7.3%

2-1(30-31) 13-14 Slag /LOF 0.5" very shallow

- 2-1 (32-33) 8.9 Slag . 0.25" very shallow

2-1(32-33) 10-11 R2 Slag 0.4" very shallow

2-1(32-33) 11-12 Slag /LOF 0.4" 8.0%

2-1(32-33) 16-17 Slag 0.4" 10.0%

'

2-1(32-33) 19-20 Slag /LOF 0.5" 7.7%

2-1(32-33) 23-24 Pore /LOF 0.5", 0.06" 5.7%, 9.0%

2-1 (33-34) 7-8 R1 Slag /LOF 0.5" 12.5%

2-1 (35-19) 0-1 Slag 0.19" shallow

2-1(35-19) 1-2 Slag /LOF 0.19" 7.1%
,

2-1(35-19) 10-11 Slag /LOF 0.25" 3.8%

2-1(35-39) 14-15 R1 Undercut / Slag 1.125" 14.3%

2-1 (35-39) 15-16 Slag 0.5" 10.7%

2-1(35-39) 20-0 LOF 0.5" 7.7%

.
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Appendix D

CONTROLLED DOCUMENTS
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APTECH ENGINEERING SERVICES DOCUMENT LOG

CONTROLLED
DOCUMENT NUMBER ITEM

4- (AES-8110276) Volume 1 of 1 Containment
Horizontal Stiffener Ring Flanges for rings 1-4
including CMTR's.

7 (AES-8110276) Volume 1 of I Containment
1 Horizontal Stiffener Ring Flanges for rings 5 and 6,;. including CMTR's.

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

126 NNIC letter dated October 26, 1982 to
R.W. Alley from B.R. Cofer on subject
of Perry Nuclear Dower plant Contain-
ment vessel analysis of weld 1-1.

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

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

129 Longitudinal stresses weld 1-1 showing Rev. O
thermal, hydrostatic, design pressure,
dead load, SRV, OBE and SSE stresses.

130 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.

131 Letter dated 11-5-81 from B.R. Cofer, NNIC to
R.W. Alley, GAI on subject of containment Vessel
Analysis of Weld 1-1 Indication

132 NNIC letter dated 9-24-82 on prelimi-
nrry summary containment vessel embedment

; raalysis - Figures 1 and 3.i

133 UT reports - inaccessible shell joints.

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

!'

135 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).

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

L
-
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CONTROLLED
DOCUMENT NUMBER ITEM

137 Letter report dated December 7,1983,
W.. McNaughton to P. Gudikunst preliminary
results of inaccessible defect evaluation,

-weld 1-1.

138 BIGIF com5 uter runs
,

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

Attachment 1: Memo R. Dail to R. Alley
Unit I 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. Cofer to
M. Lastovka December 17,
1982

Attachment 5: Memorandum R.L. Dail to
R. Alley January 4, 1983
" Review of NNIC Evaluations
of Indications 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.

~140 Receipt of Design Materials letter from
W. McNaughton to P. Gudikunst, Decemb'er
20, 1982.

:

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

|

| 142 Acknowledgement of receipt of radiographs
listed in CD-141 (from K. Webb)'

I

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

| 144 Letter from K. Webb (site) sending (15)
radiographs with acknowledgement 3-24-83.

145 Letter from R. Alley to W. McNaughton'

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

I
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i CONTROLLED

i 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".

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

e

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

E'

| 150 Videotape with balance of Gilbert
enhancement.

151 Stress calculations - load combinations
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

i

I

!

.-.


