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SYNOPS IS

This report summar!zes the results of fracture mechanlcs and fat!gue
evaluations which were performed for the Perry Nuclear Power Plant Unlts !
and 2. These evaluations were performed for several reglons of the

contalnment structures as fol lows:

e Inaccessible locations !'n weld Jolnts 1=1 and 2=1 which had weld
Ind!cations

® Three Inaccess!ble weld locations In Jolnts 1=4, 1=7, and 1=8

In these |ast three locatlons, Incomplete radlograph!c Information e;1s+s
to establIsh the exIsting defect slze (for example, whether or not full
repalrs were made); however, sufficlent data co ex!s+t to characterlze +he
maximum extent of a defect that could remaln In the structure and +h's
potential defect has been analyzed.

The evaluations that were performed requlred three types of Input data.
These data were stresses, both app!led and weld residual stresses, flaw
gecmejtigg_and_ma#erralwproper*les.

Recently, rcglgqg_;jgpgg_dajp_wcte_suppLjod_byﬁG!{berf_Assoc!a?es_for,#he
contalnment. Bounding cyc!lcal and steady state stresses were |ncornorated
to provide an analysis that results In a conservative evaluation of +he
weld Indications. A conservative residual stress determination was alsc
mace by asseg;ingmjhe_aogrdﬁ}wéfehéxperimenfa! data.

Flaw data were obtalned from radlographlc enhencement technlques performed
on supplled radlographs. The radlographs provided contaln defects whlch
were deemed rejectable accord!ng to the criterla of ASME Bo!ller and
Pressure Vesse! Code Sectlon 111, Subsection NE=5320. These techn!ques
were used to provide accurate slzlrg of the Indlcations. Such




determ/nations remove some of the conservat!sm whl~h has tradltiona! ly been
used to assess structures w!th defects In the absence of actual flaw s!ze
data.

Materlal propertles such as strength, fracture toughness and crack growth
rates were determined using avallable Cert!fled Materlal Test Repor+ts and

e e

by aﬂmparlson to gener!c da*a cbtalned from the open |!terature.

The results conf!rm that crack growth by fatlgue Is smal' over the design
plant |1fetime, even assuning conservative stress level:s, bounding Inlt!al
flaws and worst case crack propagation rates. Furthermore, !+ Is shown
that the applled stress Intensity values reached during and after such
growth are less than _the cr!flca! value to cause structural fallure. fTHe

conservative result of the Itnear elasflc fracture mechanlcs methodsfogy
used In thils work !s then conf Irmed using both elastlic-plastic and net
sectlon collapse (or llm!f F load) mefhods. It Is shown that relatively long

and deep flaws can be tolerated even vffh the conservat!/ve assump+!ons

which have been made.



Sectlon 1
INTRODUCT ION

A review of radlographs for the Perry Nuclear Power Plant Unlts ! and 2,
has found certaln contalnment we!ds that contaln potent!ally rejectable
Indlcations, when evaluated per the requlrements of ASME Boller and
Pressure Vesse! Code Section |1!, Subsection NE=5320 (1=1). Thls
subsectlion prov!des accept/reject conditlons based on workmansh Ip
standards. The radlographs can be grouped Into two loglcal reglons of
Interest. o

The first group of weld Indications are found In radlographs assoc!ated
with weld Joints 1=1 and 2-1, These weld locations are !naccessible. They
are located In the contalnment wal| (see Figure 1=1) !n double s!ded butt
welds and are covered on the Ins!de of the contalnment by a doubler plate.
Indlcations have been found that would be cons!dered rejectable by ASME
Boller and Pressure Vessel Code, Section !l| criterla. These rad!ographs,
determined by Leve! |!! evaluation to contaln rejectable Ind!catlons,
Include 21 radlographs of weld 1=! and 43 radlographs from Inaccess!le
reglons In weld Jo!nt 2=1 of Un!t 2. The,weld Imperfections on these
redlographs were slzed us!ng enhancement techn!ques and conserva+lve
Interaction criteria, The stresses In Unlts | and 2 are !dentical, so +hat
bounding defects were developed considering both Uni+ 1 and 2 Indicatlons,

The second group of Indlcatlons cons!sts of three spec!flic weld locatlons
In Joints 1-4, 1-7 and 1-9, Weld Joint 1-4 has a defect at locat!ion

(79-80) 11-12, which has been sized at 2, 3/4" long and 1/16™ In helght, It
appears to be a plate celam!nation (CD=139, Attachment 4),

In weld JoInt 1=7, at locatlon (110=111) 25-26, the f!!m shows a
questionable Indlcation. |f this locat!on were access!ble +he dlspos!+ion
would be to grind and retake. In add!tlon, the f!Im Is In ques+!on because
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Figure 1-1 Typical Horizontal Weld Joint



It does not cover the full Indlcation. At max!mum, !t would be a 9/16"
long slag | Ine (CD-139, Attachment 3).

In weld Joint 1=9, at location (134=135) 24-=25, +he f!I!m has no
Indlcations, however, the adjacent f!Im dld have repalr which extended Into
this station. A s!ag Incluslon may stil! be present, max/mum |ength equal

e e g ——

to 1 3/4" (CD-139, Attachment 3). Thesa locations are also !naccessible
and the existing radiographic Information can be used to provide wors+ case
estimates of defect size remalning In the structure, or of the possible

Incomplete repalrs.

All welds have been fabricated using E7018 weld metal. The defects are
completely contalned In the weld metal except In_ Jolnt 1-4 where te f,

et e

lndlcaflon s ln fhe base ma*er!al SA516 Grade 70. The _concern | I'n_eech

case !s _that the Indlications If unrepafrod,_may lead to early structural

fallure. This report addresses that concern and does so by evalua+1ng the
potential for defect growth by a. fat!gue mechantsm and concurrent or

subsequent fallure by fracture.

The remalnder of th!s report cons!sts of s!x sectlons. Sectlon 2.0
outllnes the analys!s methods that have been used to evaluate the defects.
The next four sectlons Introduce and dlscuss Input +o the analytical model!.
They are: the evaluation of stresses-both app! led and res!dual (Sectlon
3.0), characterization of mater!al propertles (Sect!ons 4.0 and 5.0), and
results of the enhancement work performed (Sect!on 6.0). Sectlon 7.0
provides the results of the analys!s performed. Concluslons and summary
are provided In Sectlon 8.0. Throughout the report, reference !s made +o
documents which have been used to provide Input Information +o the
analysls. These documents which are consldered control led under +he
requlirements of the Aptech quallty assurance system are des!gnated
Control led Document (CD) and are referenced !n Appendix D of +hls report.



Sectlon 2
ANALYS IS METHODS

The following sect!ons dlscuss those aspects of fracture mechanics and
fatigue theory which were used In the analysls of the present problem. A
precentation of general fracture mechanics background (2.1) Is fol 'owed by
2 discussion of methods of analysls to assess fatligue growth (2.2),

2.1 Ecacture Mechanl!cs Background

The fallure behav'cr of structures under monotonic (slowly Increasing}y
loading can be classifled Into three regimes In which a speclflc type of
fallura  mode s appropr!afe. These thrae reg/mes cover brittie fracture,

ductllg_i:gcfure and p! asf!c col lapse. The dlsclpl!nes requlred to assess

these regimes are:

e Linear Elastic Fracture Mechanics (LEFM) = The structure falls
In a br!ttie manner and, on a macro scale, the load to fallure
occurs ul*hrn nominal ly elastle Ioad!ng.

® Elastic-Plastic Fracture Mechanics (EPFM) = The structure falls
In & duct!le manner, and signlflcant stable crack extension by

——————

?earlng may precede ultimate fallure.

”

e Fully Plastlic Instabl!!lty (Limit Load Theory) = The fallure
event Is character!zed by large deflectl/ons and plastic
stralns assoclated with ultimate strength co!lapse.

. A dlagram that shows the relatlonsh!p between critical or fallure stress
and flaw size for the three fallure modes Is glven In Flgure 2-1. The
shape and position of the fallure locus w!l| depend on the fracture
+6J§53}§s’<x’c) and strength properties (ol) of the _material, as well

as the structural gecmetry and type of load.ng




2-2

‘SOpoy danieyq butrjiwey

OM] 104 BZL5 Me[| puP 553435 aun(L1ej uzaamjag diysuorjelay ayy buwmoys dtjewayds (-2 aanfi 4

$
1

/02 ‘uidag Mel4 [PuoysuawLg-uoy

, //M//n////

0
1/ e

pa2[043u0)
danjordy

peol jJrwi)

(1431) A4njdoeay
(11443) 2uaseid-aaseyy
b ™
b 5
.

N\ S
\

v

0

/

*$53415 (0213119

2,




2-3

- Linear Elastlc Fracture Mechanlcs (LEFM)

The princlples of llnear elastlc fracture ‘mechanics (LEFM) are
applled to assess Quanflfaf've y fE;-Esgéf;lons for brittie fracture,
Brittie fracture conslsts of two separate events: (1) the [nltlation of 2
crack. and (2) the subsequen? propagaf!on of the crack to complete fallure.
gggﬁ_gi_znjsn_gygn?s, !n'fra*'on _and_subsequent progaga lon, has d!fferent
characteristics. For ferr!flc structural |_steels of the SA‘?S fybé and
carbon_manganese_weld metal of the E7018 class, the res!stance to 2
propagating fracture !s usvally lower than the _reslstance ;g»}rac?ure
lnl?!aflon_ynder - slowly 2applled loads, Thls Is tecause steels of thls type
ere sensitive to_load!ng rate; the high loading rates _assoc! afed w’*h a

runnlng crack lead to higher yleld strength and, hence, Lower va'ues pf
fracfuro foughness. ln cons?an? Ioad s!tua*!ons. therefore, cont! nued

crack propagation Is expec?ed once the fracture tas Inltlated. For this
reason, no attempt !s made to evaluate the charagfer!sf!cs of the
propagating crack after It has Inltlated, and +he crlterion of fracture }
Initlation !s used as the _definltion of fallure In the fFaC*JFOIBFB'YSQS- \]

s i e o st Sha

Fracture Inltlation occurs_at a defect when the crack drlving force exceeds
the materlal's | Inherent reslstance to crack_Inltlation, or fracture

Youghness. The crack driving force  Is a func?ton_of~fhe_sfresses_acf[ng_on
the dofect‘pnd_fhe-gecmejry_of_theﬂpe{qgj. The stresses which act on the
defect. Include both prlmary (appl led) stresses and secondary (Internal)
stresses. Examples of secondary stresses are residual_stresses and thermal
stresses that are In equ!!!brium across the sectlon. The manner_In _which a
s?rucig:g_!lll fall wlll be determ!ned by the !nteract!on ot the defect

gecmetry, loadlng.’and mater'al toughness.

In Ilnear elastic fracture mechanics, the most vseful parameter for
character!zing the behav'ior of cracks Is the stress Intens!ty factor K!.
which descr!bes the _magnltude of singu!ar stresses ahead of = crack !n a

I Inear r_elastic body loaced In tenslon. For load!ng normal_to the crack

plane (Mode !), fracture LnJ?!af'on occurs when the applled stress

'"*0"3'*Y factor, K , equals or exceeds _some critical value, which Is

e - e | e
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called the fracture toughness of the materlal. The app!l led stress

A
+ & | H
lnfonsltx ac or can py_y;ﬁ_fen n_the form
K =  Co/ra (2.1)

!

where o 's the acting stress, a |s the character!st!c f!law d!mension, and C }
s a parameter which accoun+ts for the flaw shape, structural geometry, anc

the type of lcad!ng. In general, £ Is a function of a and In many cases

must be evaluated numerically, Fﬁqcf“ﬁf_!lll_°ccPC_FPF?C_OPG5"5*5*'C
load!ng when, R I

K 2 K (2.2)

- Loed

(l.e., when the app!red stress_Intens!ty factor equals or exceeds *ho
static !rac#ure foughness, K' )o Thils means that the occurrence of
fracture Is controlled by: 1) the s?ross _level, (2) the flaw s!'ze, and

(3) the fracture toughness. For small flaws, low _stresses and hligh

toughness, the appi}ed~K<yJL}_no?_reach_K’ » and fracture w!l! not occur.

¢
These relationships are relevant _for material propertles determ/ned under
plane ! s*ra!n, | Inear elast!c cond! tlons.

To determine the sign!ficance of the Inaccess!ble defects In question, It

I's necessary to know the materlal fracture toughness, acting stress level '

and actual distribution of cefect slzes and shapes. Xnow!ng any two of
these parameters, one can solve for the third., For example, the crltical

flaw slze fo cause. fa!luro s calculated from:

Sa 2
K
: = \ (2.3)
a (Le
°c/

¢ 'C

If both the  toughness (K ) and the stress leve! (o ) are known.

c
Convorsoly, the cr!tical appr'ed stress as a func*'on of crack depth _can be
computed from,




2-5

C/ra (2.4)

Although these i@_cond!tlons most approprlately describe the behavior of low
#oughncss, high strength materlals where |[ttle duct!!!+y precedes

e ——

fracture, ‘the use of K' as_a _toughness measure_for elther SAS'6 stee! or
- o 8T
E7018 weld metal ensures a conservative estimate of critical _flaw s!2e for

— e ——

brittie fracture, since no account s taken of the !ncreased toughness

which results from m post-yleld (fransrflonal) bchav!or. ‘ncorporpjirg

e

transitional | _behavlor with mor e pro—fracfuro cuctl ity glves !ncreased

-~ —— e . e e g e =

toughness levels and decreases the suscept!bl|!t) of +he structure *o
i T e :
frnctntg_itom,a.gLvoq,al;oqﬁiya-. The ?.mpota*url_dopqnﬂpncemo(_fOUghnqss

properties means that at amblent or higher temperatures, both SAS!6 stee!
and _E7018 weid metal are above thelr lower shelf values on a fracfuro '

energy versus temperature curvo. Thls In turn Implles that +he use of
sf;;a;FEV;T;;fn.fracfuro mechanics w!|| be conservat!ve. lastic=plast!c
crack opening d!splacement (COD) concepts have been used as a check on
structural Integrity. Elastic=plastic fracture mechanlcs concepts are

dlscussed In the next sect!on.

2.1.2 Elastic-Plast!c Fracture Mechanlcs (EPFM)

The baslc principles of EFFM have been developed over several years

(221, 222, 2-:4) and one natlonal standard ex!sts for crack open!ng
dlsplacement (COD) test!ng (2=5). Thls method uses cr!+!cal COD values (as
measures of the mater!al toughness) which are not avallable for the actus|
fleld materlal. A review of the |!terature (notably 2=58) was made +o check
the appropr!ate material character!stics.

One of the best methodo!ogles for EPFM evaluation, the Brit!sh Standards
Institution publIshed cocument PD6493:1980 (2=7), ut!!!zes crack open!ng
displacement (COD) concepts. In principle, the critical condition |s
reached when the app!led ‘ or COD (&) reaches the res!stance leve! of
*oughnoss nocossary to causo fracture (K or ¢ ). The CCD mo*ﬂod 's
complo?cly compa*'bfa -r*w the LEFM approgch (jLﬁ’ and can be used 'n place
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| L : of the Kl methed. For applled stresses wel ! below yleld,

. ¥ c —— A iy ———— e — -

3 fe a

g 5§ = —L jog sec % - (2.5)
'® RIS

where & Is the developed COD; e and ¢ are the yleld strain and yleld
- stress of the reglon In which fhz defec¥ Is slted; o !s the app!led
stress; and a Is the ha!f crack length of a center-cracked plate mode!.
I+ can be seen from Equation 2.5 that as ¢ approaches ¢ , the developed
CCC becomes Infinlte. This only occurs for the e!asf!c!perfecfly-plas*'c
material behav/or that was assumed for the development of Equation 2.5.
For materials that work harden, the relationshlp between 20D and applled |
straln (for stresses above yle!d) has been determ!ned by analytlical,
numerical, and exper/mental methods (2=9, 2=10). N

:

."’
.

As In LEFM, once the stresses and materlal properties havs been )
characterized, It Is possible to determine the allowable flaw slze to
' prevent fracture Inltlation. !+ Is ?ho_n_po;.s}.b_l_o_to_‘de_nmjne_fh‘e_expe‘cmd
\ margin of safety between the flaws that may be In the structure and.those

B ————— - ———e —— o

necessary o cause fallure.

2.1.3 Limlt Load Analys!s

Aq_tﬁg_glgg_pf,g_ctlfjcaﬁ_tiav~}ncgpagyg. 8 regime_Is entered In which
lncrqulpgwmaferja!*foughness~noﬁlonggr can prevent In!tiation of a crack
under monotonic locad!ng. The rn{jja?lé;:éizfctlpp_bp;omg;_inqq;qpp}pf‘of
toughness and now becomes a function o{.fho_sjrengfhupropettles of the
mater!al and *QE_SQmplgiqg_ljgﬁm;ﬁf_;f;mgipcial. In this regime, a | Iml¢

i ————
load or plastic collapse analys!s describes the governing fallure mode.

For Iimit load analys!s, the critical stress to cause fa'lure !s calculated

. from an Interaction relat!on common In the analys!s of steel s?rucfures.
This relationsh!p between the applled membrane |ocad (P) and bend!ng moment
(M) at falliure In a beam or plate with a rectangu!ar cross-section Is:




@
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(2.6)

/ ° \ M\ ’
L, /a/

where P and M are the applled loads, and P{ and M‘ are the !Imlting
values of P and M. The magn!tude of P( and M‘ ere functions of crack
longfh a, flaw ¥ gecmetry and mater!al propert!es.

The IImlt load of P Is determ!ned from m the gecmetry of the sectlcn and
the materlal properties. After the. reducilon In area due to the flaw Is

accounted, the |!mit load can be expressed In terms of a _!Imlt stress and
the geometric varlables. The !Imlt stress s normal |y the mater'!al yleld

strength when the mater!a! behavior |s assumed to be
elastic-perfesct!iy=plastic. However, for materlals which exh!blt _
signlficant straln hardening, ¢ could be somewhere between yleid and

———————p— . S

ultimate strength, and the approprlate value to use should be dofermlned by

tests.

For thls analys'!s, we use a'jlg!_gftpss_-hlch‘!s_jne*averago‘qj“th_yje!d

and ultimate strengths, I.e.:

6, = (0 +0 )/2 (2.7)

4 v uts
where c‘ Is the flow stress, 0 the spec!fled minimum yle!d stress and
o . the spec!fled mIn!mum ulf?mafe strength.

uts

Once the |Imlt cond!tlons have been calculated, Equation 2.6 and +he
expressions for ippllod membrane stress as a function of pressure and
appl! led moment can be used to determline the fal!lure cond!+!on.

A limit load evaluation has been made In conjunctlion with LEFM methods In
?ho present case.

2.1.4 Summary of Fracture Mechan!cs Background

The fallure behavlor of structures under monotonlec load!ng can be



classifled Into three regimes. Of these, r'near elast!ic fracture mechanics

has _been determined to be most F applicable fg the curren+ mater!al ~and
scrvlco condltions. Boundlng studles based on elasf' -plasf!c and p'asfY
llmt* load analyses * have also begn performed.

2.2 Eatigue Loadlng

2.2.1 Analys!s Method

The preceding discuss/on addressed the case of monoton!c |oad! ng. In the
present case, there ure 2 smal| number of cyc'!c loads which may occur on

the contalnment structure. Th!s sectlion d!scusses the way In which these

-

loads can be evaluated In the |Ight of the previous dlscussion. s

v ah-

ng[gyg;gyplupf{on,_pasepﬁgn_ifagtutg_mechpnlcs, assumes that Inltlal flaws

are present of slze al and that the |lfetime of a component Is that

roqql{gq_igg_p“c[acﬁ‘?ohgrow_fqu_jhg_{qujg{L_nge, a,, to fhe_crlfjca}
slze, a . Crpgx,gton*ﬁ_ra+e~dafa_may_be_cocroLefedwfo_fhe_crack_f(9
stress ?nfonsrfy _factor _range_ (AK) for the glven load cycle _In _the
following form:

e

da/éN = f(AK) (2.8)

where da/dN s the crack growth per load cycle. By Integrating Equation
2.8 with the appropr!ate component stress fleld to calculate K, the number
of cycles, N, (resl!dual '!fe) for a crack to grow from aI toa Is

¢
computed from:

c da
= e (209)
da/dN

!

The final flaw size expected at the end of the design life, 3¢, can be
determined_py fntegrat‘ng_squa:ion 2.8, using the approoriate stress
distribution to calculate X, and the number of total design cycles wo from
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]

f da
N - d{ s 0 (2.10)
0 da/aN
al

where Equation 2.10 Is a transcendental expression !nvolving af and must

be solved by an Iterative process.

2.2.2 Crack Growth Rate Representat!on

Many-emplrical relations to _express da/dN behav'or have been proposed;
the earllest and most well known s the Parls rule (2=11) which takes the
form,

n
da/édN = CAX (2.11)

- -

i
where C and n are constants determined from the data, and AK !s the .cange
of applled stress Intens!ty factor computed from the minimum and max!mum

stress In the cycle:

AK = AK - AK (2.12)

The advantage of the Par!s relation Is that It |s simple In form and I+

fits experImental data wel! In the middle range of AK. A dlsadvantage of
the f‘laflonﬁﬁ}p fs fh;f It does net di{ocf[yﬂa;counfh{or mean stress

ef fects (R-ratlo effect where R = Km'n/Km‘:) which can accelerzte

fatigue crack propagation. However, these effects are accoug:pd‘fgt‘{n“+he

cholce of experimental data used In _the mode!!ng procedure.



Sectlon 2
REFERENCES

Wells, A.A., "Notched Bar Tests, Fracture Mechanlcs and Bri++tle
Strengths of Welded Structures," Houdremont Lecture 1964,
Bcitish Weldlng Jauenal, No. ! (January 1965).

Sumpter, J.0.G. and C.E. Turner, "Fracture Analys!s In Arezs of
High Nomina| Straln," Proceedings Sacond !nternational

Lonference on Pressure Yessel Technology, San Antonlo, TX
(October 1973).

-

]

Egan, G.R., "The App!lcation of Fracture Toughness Data +o the
Assessment of Pressure Vese! Integr!ty," Proceedings Second

dnternational Conference on Pressure Yessal Technalogy,
San Antonlo, TX (October 1973).

Burdek!n, F.M. and M.G. Dawes, "Pract!cal! Use of Llnear Elastlc
and Genera! Yleiding Fracture Mechanlcs With Particular Reference
to Pressure Vesse!s," Canference on Practical Appllcation gf
Ecacture Mechanlcs fo Pressure Vessal Design, Inst!tutlon of
Mechanlca! Englneers, London, UK (1971), '

British Standards !nst!tution, "™ethods for Crack Opening Dls-

placemént (COD) Testing," (1872),

Stuber, A., J.WelIman and S. Rol fe, "Elghth Progress Repor+
on Application of the COD Test Method to the Fracture-
Res!stant Deslgn of Pressure Vessels," for Suhcomml++se on
Eftective Ut!ll2atlon of Ylald Strength af tha PYRC,
(February 1580).

British Standards !nst!tutlon, ™Gu!dance on Some Me+hods for




the Derlvation of Acceptance Levels for Defects !n Fuslon
Welded Jolints," Pub! Ished Document PD 6493;:1980.

Egan, G.R., "Compatab!!!ty of Llnear Elastlc (x, ) and
General Yle!dIng (COD) Fracture Mechanics," Eng!neerlng

Eracture Mechan!cs, Yol. 15, (1973).

Merkle, J., "Analytical App!!cations of the J Integral ," ASTM
STP 336, Amerlican Soclety for Jesting and Materlals, (1972),

Hayes, D.J. and Turner, C.E., "An Appllcation of Finl+e Element
Technlques to Post=Y'eld Analysls of Proposed Stancard Three-
Point Bend Fracture Test Pleces," lntarnational Jaurnal af
Eracturae, Vo!. 10, (1974),

‘.

. @

Parls, P.C., M.P. Gomez and W.D. Anderson, "A Ratlona! Analyt!ec

Theory of Fatigue," Tha Irend ln Englneerling, Vol. 13, No.
1 (January 1961),




Section 3
ANALYSIS OF STRESSES

The analytical mode! d!scussed In Sectlon 2 requires as !nput the
character!zation of the stress state present In the contalnment shel !
courses. This sect!on discusses both the primary and secondary stresses.
The primary stresses are the applled stresses assoclated w!th dead !ocad and

cycllc service stresses. The secondary stresses, In thls case, are the

_residual stresses due to weld!ng.

3.1 Secondary Stressas v

The welds under cons!deration are double s!ded butt welds. A |!terature
review was performed to character!ze the resulting distribution of res'dual
stresses In thls type of weld. The weld has stress components transverse
to the weld and longltudina! or parallel to the weld, each w!th
through=thickness distributions. A schemat!c of these appl!/cable
distributions Is shown In Figure 3-1. For thls analys!s the flaw location
was assumed to be at the centeriine of the plate which Is the location for
Tho_max]mum»$ransverso stress. The flaw_location was 2lso assumed to be at
the location of max!mum long!tudinal stress. The transverse d!stribution

—————— g

through=the=thickness w!l| vary as shown In Flgure 3-1,

Figure 3-2 shows single sided butt weld res!dual stress data transverse
through the thickness. Thls fligure s a.compos!/te of normallzed

exper !mental data based primar!ly on work done by Norde!! and Hal!l (I=1).
In thelr work, the base plate was ASTM A212 Gracde B (precursor to SAS'6
Grade 70) w!th double=V butt welds of E7018 mater'!al. The app!'cable
thicknesses tested were ! Inch and ! 5/8 Inches, requiring 12 end 30 weld
passes, respectively. The two thicknesses demonstrated s'm!|ar through
thickness transverse stress d!stributions. Also shown !'n Flgure 3-2 are

res/dual stresses measured by others (3=2, 3-1),
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Schematic Standard Assumed Residual Stress Distributions

in Plates Without Fixed Ends for a Double-Sided Butt

Weld: (a) Longitudinal, (b) Transverse, and (¢) Transverse
Through Thickness.
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From these data, a2 simpl!fled through thickness transverse res!dual stress
distribution was developed. Thlis !s shown In Flgure 3=3, The dlstribution
assumes yleld level residual tens!le stresses a+t the surface through 108 of
the thickness. The *ens!!e stresses then decrease +o compress!ve res!dual
stresses equal *o one half yleld at the mld=thickness. Th!s distribution
I's then reflected about the center|ine of the double s!ded butt weld +o
achieve & symmetric and complete d!stribut!on. S'nce any res! dual s*ross
dls?r!pufron myst be self-equ!l!brating, the cholce of values ?aken here
wlll be conservative. The s&glﬁmfhc fonslro portions Is |arger than the
compressive portions and the max!mum values have been assumec un!form

except In the through *h!ckness d!rectlon.

-

3.2 Pelmary Strecses
The primary stresses for analys!s have been obtalned from unit stress
calculations for Joint 1 (CO=130) for welds 1= and 1=2; lnéh;}d;>Jofn? -
(CD=139) for welds 1=4, 1=7, and 1=9. The stresses In welc¢s '=7 and =9
are substantially less than !n 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 surmar!zed by Joint
number and Load Comblnation for each Jo!nt and +he app!lcable |oad
combinations. Since the flaws fovud_oro_oclonfod_pnralJn{u?o_+hc}r_wo!as.
?ho_pyquggg_jg_inc,[ongvfudrna! direction apply. A schematic dlagram of
flaw orlentation and app!lcable stress component s shown !n Flgure 3«4,

The approach taken was to co*ormrno the most highly stressed !olnt and |oad
comblno?lon _for_the appropr!ate seam welds. These bound!ng cases could
then be apercd to any weld dofoc?, regardiess of locat!on, *to assure a
connorva?lvo_gnalyl . In fact, two primary stress dlstributions were

obtalned for each we'c orlentation; one for the fatigue eralys!s and the
other for the fracture analys!s.

In order *o understand how these stresses vere determined, !+ !s necessary

 to reviev the tabular stress data as It was provided, Table 3=1 Is +he



Residual Stress (% of yield)

Percent Wall Thickness

L

Figure 3-3 Assumed Double Sided Butt Weld Tra.n'ﬂférse Through
Thickness Residual Stress Distribution

———
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Vertical Doudle Sided Butt ield

Longitudinal Stress

_Horizontal
d Oouble
Sided

Butt Weld

Figure 3-4 Flaw Orfentations and Applicable Service Stresses
in Vertica) and Morizontal Seam We'ds
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stress summary for Joint No. 5. From this table one can see that the
longltudinai and clrcumferential stresses are broken down !n<o th'rteen
load components and are then summarized at the bottom of the vable Into
four load combinations. These loac comblnat!ons represent max!mum .cad!ng
cond/tlons. Some of these |oad components act at all times, some act
cyc!lcally over the |lfe-of-the ;/ant, and some may act only once. The
3=2. For a fatigue analys!s the cyc!!c loads are of primary sign!flcance
and are superimposed w!th the cont!nuous or steady state loads. ror a
fracture analysis the most_significant loads are those producing the
largest stress, which by observation of Table 3-2, are those |ocad

comt Inations that Incluce the single event |ocads.

S— — - -
»

Table 3=3 Is a summary of the cyc!!c stresses that govern +he fat!gue
evaluation, There are other cyc!'c load components. However, the

control lIng load components In a glven load combination are those |!s*ed In
Table 3=3. Thue, In order to s!mpl!fy the analys!s and prov!de
conservative results, all critical load combinations were evaluated for
16,800 cycles, regard!ess of -nrch“E&c!f& load compoﬁon+sh?ho load
combinations !nclude. Tab'e 3=4 shows the approprlate losd combination
components.

For weld seams '=! and 2-!, the stresses taken at JoInt '=! (elevation
573'«1") were used, as shown 'n Table 3=5. For welds '=4, 1«7, and '=9,
we!d seam 3 stresses were used *o bound the appi.led stress cond!tlcn,
These primary stress f'elds vere comb!ned w!th +Ho assumed res!dual stress
fleld for the analys!s.

3.3 Comhined Stressas

The total stress cons!cered for the evaluation of a defect cons'sts of +he
sunAqt“fhp”prtmary and secondary components. Both sets of stresses have
been chosen *o bound *he expected stress state co~servetively. For
analytica! purposes, they have been superimposed wi*h elast!c
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N Table 3-4
‘.‘-‘ LOAD COMBINATIONS EVALUATED FOR ANALYSIS

Load Combination

Number Load Components
! DL + OBE + CONC + SRV, + HYDRO + PS
Il DL + SSE + CONC + SRV1 + HYDRO + PS
II1 DL + OBE + CONC + SIP + SRVIQ + CHUG + HYDRO
v OL + OBE + CONC + SIP + SRV2 + CHUG + HYDRO + LOCATHERM

-0

oL = Dead Load
OBE = (QOperating Basis Edrthquake
' . SSE = Safe Shutdown Earthquake
. CONC = External Hydrostatic Load Due to Annulus Concrete Pour
SIP = 15 psig Static Internal Pressure
SRV19 = SRV Discharge - 19 Valves
SRV1 = SRV Discharge - One Valve, fjrst Pop ,
SRV2 = SRV Discharge - One Valve, Subseouent Pop

CHUG .= Mean Chugging

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

LOCATHERM =  DBA LOCA Thermal Stresses
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Table 3-5

BOUNDING SERVICE STRESSES FOR JOINT 1l-1

Stress (psi)

Location Inside Qutside
Stress Component
Therma) 633 -5857
Hydrostatic 421 -818
Design Pressure 2794 836
Dead Load -492 -65%
PSRV 1085/-1847 -20?8/?539
co 146 279
SSE +731 +2194
0BE +555 +1664
Load Combination Stress Range (psi)
I 1569/-2473 -1891/498
I1 1805/-2709 -1361/-32
I1! 4509/175 ~776/1055
IV 5142/808 -6633/-4802

(From CD-130)

Gilbert Ref, Letter PY-STR-1555



perfectiy=-plastic mater!al behavicr.

The cycllc (primary or service) stresses are added to the resl!dual s+ress

f’-‘ Ag’l_s‘jtr__r_buﬂ,on’sucthe#_ﬁ»a‘max_murr_str_es_s does not exceed the assumec yleld

* _stress of the materlal. The yleld stress used foiricVeVe‘loE,"ig +his
[" distribution !s 78.6 ks! (see Sectlion 5).

—— -_—




——
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Sectlion 4
FATIGUE CRACK GROWTH RATES

In order to estimate the max!mum extent of crack growth that could occur
at an Indication over the cesign |!fe of the plant, 2 fatigue evaluation
was performed. This evaluation comblined the cycllc stresses (Sectlon 3)
with the approprlate crack propagation rates (Section 4) to obtaln +he
expected crack growth (Sectlon 7).

The purpose of th!s sect!on !s +o assess propagation rates for defect
growth by a fatigue mechan!sm, With the exception of the possible.- pla*e
defect In weld Joint 1-4, the defecfs are located In weldments, thus.
roqb7;7h5~;;—;:aluaflon of carbon sfe;!m;;T& matorial crack growth data.
References have been drawn together to est!mate a conserva+tlve (that Is
fastest possible) bound on potentlal crack growth. Although no data are
avallable for the exact cond!tlon In effect, signlflcant studles have been

performed to perm!+ bound!ng values to be astImated.

The fol low!ng englneering un!+ conventions are In effect unless otherw!se
stated:

e AKX (stress Intens!ty facfor'range). ks! /Tn
e T (temperature), °F

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

All weldments evaluated are composed of E7018 weld meta!. Da+a avallable
In the |iterature were co!lected for all types of carbon steel weld metal
with an emphas!s on E7018. A study by Maddox (4=1), resul+ed In a
substantial amount of crack growth data for four dlfferent weld metals

Including E7018. The four types of test specimens from Maddox are
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summarized In Table 4=1 and the crack growth data for these specimens are

plotted In Figure 4=1. Crack growth data for the E7018 weld materlal (weld
metal C) ara showr separately In Flgure 4=2. Also shown on Flgure 4=1 Is
the bounding Ilne from sim!lar testing on plaln steels performed by Gurney

(4=2).

Other date from similar weld metals (4=3) wi+h and without s*ress rellef,
fall within the upper bound shown In Figure 4=1 for Gurney (4=2). The
Iiterature alsc states tha+ weld metals for JolIning steels such as AS!6
Grade ;6‘;;%1brf slower fatigue growth rates than ‘he base metals (4=4),

———————— .
e e .

Resldual stresses may Increase crack growth rate (da/dN), but !f these
stresses are Included In estImating crack growth rates, the data Indicate
that the bounding |ine by Gurney (4=2) w!l! conservatively predict c¢fack
growth for E7018 welcmenfs. Floure 4=3 shows Gurney's upper bound whlch Is

represented by:

da/dN = 2,63 x 10 AX (4,1)

The lamination=llke defec+ In weld 1-4 may propagate In e!ther weld
ma?erral or SA516 Gr+70 base plate mater|al depend!ng on the exact defect

Iocaf!on and orlentation relative +o the weld. Both cases were analyzed to
bound the poss!ble effects. The growth_rate used for SA516 Gr, 70 mater!al
was derlved In prevrops work for G!!lbert Assoc!ates (4=5), based on

béuﬁ?fﬁg'ez;;;;-deve loped from iork by Bamford (4=8), and ASME C Code Sectlon
X! (4=2). Thls work provides a three polnt curve depend!ng on the relevant

cycllc stress range.
=10 3.76
da/éN = 3.8 x 10 AX AK < 4.9

. -13
da/dN = 4.4 x 10 AX 11>4K>4.9

- 6 !
da/dN = 3,16 x 10 AKX AK> 11



-

WELD AWS/ASTM
METAL CLASSIFICATION
A None
B8 £7013
C E7018.6
‘ ‘I' D £9018.6

*Ref. (4-1)

Table 4-1

TEST SPECIMENS FROM MADDOX*

YIELD ULTIMATE
STRESS STRESS
(ksi) (ksi)
74.4 88.0
68.3 73.9
67.2 82.9
89.6 105.3

‘A MIG deposit using COs gas

shielding and 1 mm diameter
wire Type A-17 to BS 2901,
Part 2, 1960.

A manual metal arc derosit of
medium strength using a

BS 1719 Class E317-rutile
coated electrode. *°

A manual arc deposit of medium
strength using a BS 1719 Class

E614 HJ low hydrogen electrode.

A manual metal arc deposit of
high strength made using a

BS 1719 Class E614 HJ low
hydrogen electrode.
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Crack growth.e. da/dN (inches/cycle)
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2?2
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Figure 4-3 Bounding Crack Growth Lines for E7018
weld metal and SA516 Grade 70 hase material

Crack growth rate, da/dN (centimeter /s ycle)



These values are shown In Flgure 4=, It should be noted that th!s curve

Is very conservative relative +o al] exper!mental cdata rev'ewed and w!! |

provide even more conservative resul+ts than the weld metal

curve also shown
In Flgure 4-3,
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Sectlon 5
FRACTURE TOUGHNESS AND STRENGTW

5.1 Jntroduct!on

Two add!tiona!l mode! Inputs to be d!scussed are the mater | al _properties;
fracfure fOughness and strength. As discussed In Sectlon 2, +he applled
stress Intens!ty Is compared to a critlical valuve which Is deflned as the
fracture toughness. Thus, +o determine allowable f!aw slzes, the fracture °
toughness must be character!zed. A!fhough no direct t_measurements of

¢rac?ure _toughness_were performed In _the course of 1 thls vork,__n‘ererce

aboa* fhe level o‘ ‘rac*ure PesIs+ance Inheren? Ir the mater! al can ba made

by _reference to the  Charpy Impact values _which are ava[iq;»e. The
background Is presented !'n Section 5.2. The data are dlscussed In Sect!on
5.3 for the contalmment welds and base plates (for possible plate

delamination of weld 1=4), Sectlon 5.4 analyzes typlca! crack open!ng

. -

dlsplacement values +o be used In +he elastic-plastic fracture mechanlics

evaluation. Sectlon 5.5 addresses +he yleld and ultimate strength values

to be used In the |Im!+ load assessment. Cert!fled Matarlal Test Reports

A

(CMTR's) (CD=4, CD-7, and CD-!27) were_analyzed to  determine Charpy (CVYN),

yleld strength and tens!le strength data. Confrofled document 127 was
provided spec!fically to conf!rm the CMTR's for E7018 used In Weld Jolint
1=1 between seams 21-22 where the largest defects occurred. CD-4 an¢ CD-7

were obtained In prev/ous work for G!lbert and llst cata for _many heats of

E7018 used In contalnment welds. These data have a!so been _Included.

Table 5=1) to Indlcate the varlation In_materlal proper+!'es.

5.2 Ecacture Toughness: Background

To use the analyses cescribed !n Sect!on 2.0, !t !s necessary to have +he
approprlate value of materlal fracture toughness 'n terms of +he cr!+lcal
plane straln stress Intensity factor (Kl Yo Because o‘ _the excel lent

c
foughness In fh's mater!al, these data are not ncrma"y avallable for weld

——— ———

metals such as E””'E at temperatures around 7C°= Va!xd Ky cdata for
il ¢
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77NN1S18
77NN1540
77NN1563
7BNN1004
78NN1013
78NN1014
78NN1015
78NN1016
78NN1024
*78NN1100
78NNI163
78NN1164

| .BNNIZOZ

78NN1221

_ *78NN1224

78NN1255
79NN1016
79NN1017
79NN1018
79NN1099
79NN1100
79NNI131
79NNI161
79NNI172
8ONNIO17
NNI050
NN1182
*76NN1218
*77NN1058
*77NNI519
*77NN1589

Taken from CD-4 and CD-7

WELD WIRE
Qc#

5-2
Table §-1

SUMMARY OF WELD PROPERTIES BY HEAT

(AS-WELDED)

O 7
YIELD STRENGTH LIMIT STRESS AVERAGE
CMTR# (kSI) (KSI) CVN (FT/LBS)
456 66.23 72.3 77.3
472 78.1 83.2 69.8
493 - 63.4 70.3 45.0
552 - £8.8 75.7 82.6
557 65.8 72.0 95,2
557 68.4 74.3 109.56
557 . 65.3 69.9 24.0
557 - 65.5 71.4 85.0
625 ~65.3 69.9 24.0 -
596 ~ 78.1 80.7 62.0
630 - 68.2 73.1 76.0
630 - 63.8 69.0 115.3
646 ~ 66.9 71.5 120.2
653 - 68.1 73.9 86.8
655 66.2 72.6 101.0
663 70.2 73.6 118.4
694 84.9 89.8 £6.7
694 _ 78.6 83.3 92.7
694 . 67.2 72,7 1140
710 64.5 71.3 84.6
710 < 70.9 76.4 102.4
716 72.7 79.2 80.3
729 - 65.3 71.5 55.8
737 - 65.3 71.5 56.8
746 . 74.8 79.5 81.0
752 70.0 77.0 69.0
224 68.9 74.9 42.3
256 68.5 74.3 85.7
398 70.0 73.8 138.0
| 69.0 73.8 113.3
£20 69.7 73.7 109.7

* Included in CD-127

P |
2 »

TEMP,

forh




5-3

1.5" thick materla! are generally only avallable at temperatures such as
=100°F., However, !t Is possible to Infer Information about the relat!ve
toughness of the present materlal_ from  _evallable CMTR's. There are several

correlations that have been proposed to rela+e Charpy erergy to K

le
values. These Include two emp!rical relationsh!ps proposed and ver!fled by
Barsom and Rolfe (5=1). The relationshlp for the transit!on temperature
regime Is:

2 3/2
K = 2 (CVN)
le (3.1)
E
where - =
K' = Plane straln fracture toughness (ps! /Tm)
c
* Young's modulus (psl)
CYN = Charpy V=notch energy (f+=Ibs)

The correspond!ng relationship for the upper shelf [pgimg Is:

Pt s
\ / oy\ / (5.2) :

o = Materla! yle!d strength (ks!)
KT = Plane straln fracture toughness (ks! /TA)
c

where

Barsom and Rol fe found that at BU°F, +he upper shel f correlation was
approprlate for al! materlal they tested. All +helr tests were wlth
material of yleld strength greater than 100 ks!, although they clalm tha+
Equation 5.2 Is val'd for materlals w!th yleld strength less than 100 ks!
If dynamlc yleid strength !s used ?ns?ead_ofws?gf{c y!efd strength.

Another common correlation, due to Sa!lors and Corten, which was devel oped
for AS33B and AS17F (5=2), Is
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0.5
K = 15.5 (CYN) (5.3)

K = ks! /Tn
= ft=|h

Plsarsk! (3=2) who rev'ewed and ver!fled by exper!ment ten correlaticons
Including those |lsted above, found that good predictlons can be ob+alnred
for high strength steels (0 > 113 ks!). For lower strength steels, the
correlations tend to be gen;ra!ly conservative w/th the cegree of
conservatism Increasing w!th cecreasing yleld strength. Thus, e!ther
Equation 5.1 or 5.3 should provide conserva+lve es+!mates of critlical
fracture toughness. As a check, relations between crl+lca! erack opening
dlsplacement value and K are 2lso avallable from Rolfe and Barsom (554)
and Egan (3=3), and +ake *he form: Hi

2 ;
6_2 s(_K.I_C.\ (5.4)

e \%)/

where
§e = Critlical crack opening dlsplacement (!n.)

cy = Yleld straln (In/ln) = o /E
Y
Kl = Critica! fracture toughness (ks! vTn)e
c
¢ ® Yleld Strength (ks!)
y

A further evaluation of typlcal crack cpening dlsplacement (COD) values !s
found In Sect!on 5.4,

5.5 Joughness Values for Con+a!nment Welds

Spec!flc certifled materlal test reports (CMTR's) were rev!eved only for
weld 1=1 between vertical Joints 21-22 (CD=127). Fur+hermore, CMTR's for
Perry contalnment s+!ffener welds fabr!cated using E70'8 were evaluated In
ear|ler work by APTECH (5=8). These weld data are cons!dered
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representative of those that would be found el sewhere In the contalnment.

ettt ettt et

e ————————————————— ———

Thefo_l;_g_iarge\scaffer“of_Charpy»prqfch (CYN) data as shown In Table
5=1. The range of'+;§+ values represented there Is 24.0 to 138,0 f+=Ibs.
The values glven for CVYN In the table are the "average." This Is the
average the 5 data polnts |Isted In the CMTR or 3 ca+ta polnts If 3 data
points are glven. |In order to be conservarlve, the lowest CVYN value was

N

used to determine ‘rac*ure fougﬁness (X ) of fhe weld materlal. Thus,

A i
the 24 f+-Ibs. corresponds +o a arscm-Rolfe toughness value of 82.6 ks!

/Th. With the exception of +hls one heat, al| other hea+s have calculated

K' values greater than 132.3 ks!/TH.
c

These values _represent +ough wercs, particular!y s!nce the CYN tests ere

performed a* 2 max!mum temperature of =20°F, we!! below *+he opera*!ng '
temperature. This fracture toughness value of 82.6 ks!/Th w!!| be
conservative s!nce:

® The Barsom-Ro! fe correlat!on usec¢ to arrive at these values
has been shown *o be conservative for materlals w!th these
strength levels.

® Most calculated K ves using thls correlation are
substantial |y abov§ *”’s level.

® The test temperature used to evaluate K Is =20°F,
whereas a higher temperature during operS#!on w!ll result
'n corresponding!y higher toughness.

A lower bound-determination of SAS16 Gr. 70 toughness expected !n +he
contalnment structure was performed I'n prevlous work for Gllbert Assoc!ates

(i_l).- This value was found +o be 73 2 ks! /!n. The derlvation of +hls

result Involves cons! Cerah!e conserva+!sm.
Wil T ———
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Other values determinecd from Table 5-1 to complete the analys!s are ylel¢
strength and | Im!/+ stress. The yle!d sfress I's used In _determination of

residual stresses, as _they are a _function of yleld _strength leve!. The

e e

hlgher the ylelc : strength of the materlal, the higher the res!dual
sfresses. ‘Therefore. the upper bdound yleld strength Is used to determ!ne

the max!mum possible resicual stresses present, The '!n!f Strength Is used
In eveluating the r'm .oacwcapac’fyAot_fhe_sf(uc*u*e. .he,{Lm!+hs‘reﬁg+H
(ol) s ceflned as

o = (0 +0 )/2 (5.5)
P4 y uts

where 0 Is the yle!d strength and o " Is the ultimate streng+h. For
y s - i
conservatism In the |Iml+ load ana!ysls, lower _bound values for yleld; and

s .o —— i

ultimate strength are used In _the Getermination of ‘the 1imit strength.

For yleld stress, ¢ value 78.6 ks! has _been used and for |imlt stress, 66.0

ks!. (See Sectlon 7.2) The conserva?!sm !s _apparent In fhaf *he ﬂresc"“eﬂ

yleld stress !s 12 ks! greater r than the  |Imlt_stress used 'n *he analys's,

P P e s—

5.4 Lrack Qpening Dlsplacement (COD) Yalues

Crack opening d!sp!acement testing Is used as a d!rect measure of fracture
resistance. Llterature data are avallable to provide t+ypleal 00D valvues
for E7018. These are presented n_Appendix A. These cata were used In +wo
ways. Flrs+t, as a check In the derlvation of ch and second, as ¢lrect
Input to the EPFM analys!s.

A check on der!vation of +he K  valye used can be provided by Equa+tion
5.4, From the data !'n Append!x A the lowest COD value data a+ 32°F Is
023", For thls value of €00, and for ¢ = 0.2%, 0 = £3.4 ks! (+he

lowest strength materlal g'ven I'n Table 5=1), +he reZulf’ng K e value le

calculated as:



Thus, the value of 82.6 ks!/Tn taken In Sectlon 5.3 corresponding to a CVN

value = 24 f+=|bs., 's very conservat!ve.
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5=1

3=2
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Sectlon 6
CHARACTERIZATION OF FLAWS

The flnal’jnpu+‘requrred for the fracture mechanlics evalua+lon ls flaw
s!ii.'“T;; appl led stress Intens!ty factor calculated by ! near elas+!c
fracfure mechanics methods and the net sect!on stress of the !Imlt load
method wll! both requlre an acecurate description of flaw Aimenslons, Thle
will Include both dept+h and length Information. Length In‘crmation !s
generally easler to ohta!, as +he prolection of lenqgth onto ¢!1im I¢
obtalned by standard rad! ographlic methods. hepfh cdata have been less
eas!ly obfa nec wlthout resor+ to volumetric examination by ul+rasen! E
?echn’ques or cdestructive testing technlques. For structural In+egr4*v
evaluations an assumption has been _generally Imposed that conflnes +he flaw
dop?h"fo Bne weld pass In mul?'pass welds for certaln defect +ypes. Thls
assumption wrll-;;_COﬂserva*'ve for oorosrfy and slag Inciuslon defect
types. However, In many !nstances |+ may be over!y conservative. Sueh an
assumpf!on conf'n'ng the_expected defect depth +o one weld pass w!!!| not
however guarantee _conservat] sm for "|lnear"_ defects |lke cracks, lack of

fuslon and lack of penetration. To more fully character!ze both +ypes of
defects In #Q;E;;'c JoTn¥s of Interest, a radlograph!c enhancement
techn!que has been used. Th!s Is d!scussed !n Sectlon 6.3 below. The
enhancement procedure also 2! lows accurate length s!zing of defects. When
combined w!th equa+ions of Interaction (d!scussed below), this a!lows +he
analyst to determ'ne !f +wo adjacent defects or a serles of cefects shou!d
be mos* accurately represented as single Imperfections or +reatad as
continuous. The cetalls of defect Interaction are dlscussed 'n Sectlion
6.2. The follow!ng section discusses the effect on s+ructural integrity of

the rounded defect types, particular!y slag Incluslons.

6.1 Ihe Effect of Slag lnecluslions on Structure *nzzcc_zx

Work by Marrison (6=') has Indlca+ed that slag Incluslons have [ 1++le
effect on the tens!le strength of butt welds up to considerabie percentaces

IR



of cross-sectiona! area. !n’support, he shows resul+ts of work by Ish!!
(£=2) and by K'hara (£=3). These results are shown 'n Flgure 6=1.

Herrison further polnts out that by thelr nature slag Incluslons are
unllkely to occupy a large proportion of the cross=-sec+!ona! area of a
glven weld and the weld meta! will usually overmatch the base me+al In
strength. The conclusion to be drawn from these factors !s +ha+ +he effect
of slag Inclusions on static tens!le strength 'n materlals |lke E7018 s
neg!igible. Harrison conflrms +tha+t slze~for-s!ze, slag Incluslons w!!! be
!esétag*;lﬁepfaﬁﬂfhanvcrecks because of thelr roundness and |Imitations on

thelr through=t+hickness s!ze.

A simlllar conclus!on !s reached considering !ow cycle tat!gue. Work_by
Ishil and llda (5=4) !s shown In Flgure 6-2 and Indlcates that slag {'
rnclusjons_hnve_l'ftia effect on load=controlled low=cycle fa?!cu and up
to llves of about 10 cycles. The deslgn can thus be basaed on +he sta+lc
?ens'le behav!or. For the analys!s of these !naccess!ble defects, +he
structure may be subjected to as many as 18,600 cycles., Thls !s st!!!
cons!icered low-cycle fatigue for the purposes of our analys!s, and the
effect of slag Incluslons w!l!| be we!l character!zed by the static loading
case, particularly In |lght of the relatively low magn!tucde of +he cyc!le
stresses (relat/ve to the fully reversed |Imi+ leve! s+resces used to
generate the S-N curves of Flgure 6-2). Add!tiona! results glven In
flgures 6=3 though 6=5 !ndlcate +he effects on fatigue strength for h!gh
cycle fatigue. The number of cycles required to enter a reg'me
charac*er!2éd by substant!al effects on [1fe Is shown to be at least an
order of magnituce greater than +he design |'fe In +he present case.

In summary, Harrison (£=1) s+ates that there seems +o be sufflelen+t
evidence *o Indlcate tha+ under |ocad-controlled cond!+lons, low=cycle
fatigue !s not 2 problem which w!!| be Influenced by the presence of s!ag

Inclus!ons.

The tens!le streng*h, 0 , of a defect!ve butt weld w!!! be e!+her
v



AR — — . — - —- -
L .- v —— . —— gt sn—

v
- Seorter 23y raw Spr &
4\-r7‘n)rv - C
‘s Py '. s, 2
:»,""4' ,/-_,
/ / vy

A2 - -
§52 - i e

“n
J

.A-j‘.l-

-
® -
e e -

Pergie g%any

e e e n

Dervctow 3700 (om 10¢ ograsa ) v,

Strength

Swm o oo
\

IS mvm oy ety

!

ad-Controlled Repeated Stress Fatigue
1o 3 AN

Welds Containing Slag Inclu

Baen)
Resu'ts o 0
*

.
-
Tests on But

[+akan Frrm




v
LR TR B

LEE L LA 1
i -,. o ‘T " R
g $0C= D -  EEK b28
> ”._;\ N . .- e L |
{ ' Ml o

Sontiir?

Upjar Tumt shorsy, K wmd

rper bomd slres,

u\
[rawrance epcwy

Figure 6-3 Results of Tests on Low-Hydrogen Welds Containing

; ‘ §‘ag Z*.c‘.us*'_gns up to Smm Long
| (taken from 6-1)

azy

G -
Vigar Lmil ategss lont'nd

- - wmmg

-

Figure 6-4 Results of Tests on Low-Hydrogen Welds Containing

Containing Slag Inclusions up to 25mm !
taining S 0 25mm Long
f (taken from 6-1) ’ s




- — -

Figure 6-5

150 ,v‘,
: 3 y wes 'v t‘n’i.l- & 7 | 1
T . " \s,? Y 7 1 i
" \ . w,\‘. et b . L I
- ~ = o
T o W b & =
— vo .
1 o '3 e
- p é =
v 7}
g o b
T \¢ &

PES

0w

L fe

oy %
(aceranes o

Results of Tests on Low-Hydrogen Welds Containing
Slag Inclusions up to Continuous Slag Lines

(taken from 6-1)




-

gue T

-
C

o +
-—‘Q
area




