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TEST OF MNCH-THICK PRESSURE VESSELS. SERIES 2: INTERMEDIATE 
TEST VESSELS V-3. \-i. AND V-6 

R. II. Br> an M N Raficnhert! 
J. li. Merkle i'.. (". Robinson 

J F . Smith 

ABSTRACT 

The second series «>l" intermediate vessel tests were crack initiation fracture tests of f>-in -thick !l»-in AH) 
steel -.essels with sharp surface flaws approximately 2'/, m. deep hy * in lone in the longitudmji weld 
seams »>f the test cylinders. Fracture was initialed hy mean-, of hydraalh. pressuri/ation. One vewl was 
tested at each of three temperatures' 75. I.»0. and l**VF. Pretest analyses were made t'> predict the failure 
pressures and strains. Fracture tiHighness data obtained hy equivalent-energy analysis <>t puvracked 
('harpy-V tests and compact-tension specimen tests were used in the fracture analy«?v Tlie vessels helmed 
generally as had been expected. Posltest fracture analyses were also perfumed for each vcsel This report 
also includes detailed discussions of the fractu:e analysis me-itcHis developed in support of the vessel fest-
descrihed. 

I. INTRODUCTION 

The electric power industry . especially in the Iniled States, has rapidly adopted nuclear power reactors 
for routine commercial production of electrical energy. Dunne the I'»h0 I 1 ' 7!) decade. boiling-water 
reactor (BWR) and pressurizcd-water 'cactor tPWR) nuclear generating stations became economical!* 
competitive with large nonnuclear energy plants, Consequently, the proportion of bulk electrical energy 
generated by these two types of nuclear reactors has grown turn piaclically zero in I'Wi to about Uf'• ot 
the total capacity in 1**75. At the same time. t!ie predominant capacities of u n d e r power plants irivicascd 
so that most of the cumulative nuclear capacity consists of plants rated at about I jUO MW'c). 

This higher capacity has been attained partly by improvements in the performance «•! fuel elemcr is. but 
the principal contribution to increased generating capacity is the use of reactor cores and associated 
structures of greater physical dimensions. The demand for larger pressure vessels to contain the 
water-cooled nrclear reactor cores developed as industrial capacity to produce the vessels materialized. The 
large reactor vessels must have thicker walls than the vessels of the smaller, earlier power reactors operating 
at about Ihe same pressure. At present, a PWR vessel for a 1100-MWlel plant is about 15 ft in diameter with 
a wall thickness of 8.5 in. Design pressures of PWRs are generally about 2500 psig. anil normal operating 
temperatures are about .v^O'F: BWR vessels operate at about the same temperature but are designed for 
lower pressure, namely 1250 psig. BWR vessels for I I00-MW<e| plants are about 20 ft in diameter, but by 
virtue of the lower pressure the wail thickness need not be as great as in PWRs. 

The Heavy-Section Stcc! Technology (HSST) Program wa> instituted under the sponsorship of the 
Atomic l-.nergy Commission* in order to pursue more vigorously industry-sponsored investigations of 
thick-section vessels for water-cooled nuclear reactor service. The program has generated data related to the 
technology of thick-section components of reactor pressure vessels, particularly with respect o the 
influence of flaws on the serviceability of vessels. The program has developed data on the characteristics of 
plates, wclfimer is. and forgings in terms of mechanical properties, toughness, inherent flaws, and 

•Now sponsored hy U.S. Niulcif R«,pilali>ry Commission . 
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homogeneity. A major concern of" the program is the practkrahdity of accurately estimating ihc effects ol 
iijx.v on mo service :ne and Mrcngih of structures. 

Methods ot" analysis as well as experimental bases for fracture evaluations of structures are being 
developed. Flawed specimens have been tested for a wide variety of conditions in terms of specimen si/e 
and configuration, loading, and temperature. As a result, considerable insight has been gained wi'h regard to 
interpretation of (est results and to ipplteation of results of tests on small specimens (o large structures. 

One can have confidence in fracture analysis oiiiy in proportion to the degree to which 'he theoretical 
methods used in such analysis have been confirmed by tests of. or experience with, -structures of 
appropriate dimensions and loading conditions. Accordirgly. the IBST program includes simulated service 
tests, of which the intermediate vessel tests are a part. 

The aim of simulated service testing is to provide, through a series of experiments, a connection 
between behavior of structures observed in a laboratory environment and the behavior of fuH-si/e 
components under the wide variety of conditions that constitute th>* real operating environment. The main 
effort of this task is to determine, if not already known, which factors or conditions are important and then i 
to carry >mt tests with the particular combinations of conditions that wiil contribute significant 
information on behavior of structures in service. Factors of concern include material properties: flaw 
location, orientation, shape, si/e and sharpness: and loading and environmental conditions. If expense, 
resources, safety, and time were of no importance, the significance of these factors could be studied under 
actual service conditions imposed on vessels in a large number of experiments with vessels as large ^s. or 
larger than, reactor pressure vessels. Since such an approach is completely impractical, each factor is studied 
separately or in combination with others on as simple a scale as practicable. 

The objective of each simulated service lest is to determine th: ability of analytical methods to predict 
actual fracture behavior of a flawed structuie under known conditions of material propeities and loading. 
In the planned progression of such tests, analytical meihinls are confirmed, improved, or their limitations 
revealed. The testing of intermediate vessels in conjunction with tests of flawed tensile specimens of similar 
material and flawed models of the intermediate vessels permits consideration of many variables. Thus the 
intcrmedi: :e vessel tests are a par! of a structural test program which cover-, ranges of flaw si/e. section 
thickness, 'empcrature. and stress state. The effects of difference1' ifi transverse restraint, toughness, plastic 
strain. bia.xii.lity. and stress concent ration can ie observed and analyzed. 

The original objectives emphasized in the simulated service task were (I) to demonstrate capability to 
predict the "vessel transition temperature" for a selected crack configuration using the material of interest 
(ASTM A5W. grade B. class I plate: A.STM A50K. class 2 forging): (2) to demonstrate, for the materials of 
interest, capability to predict variants combinations of load (pressure), temperature, and crack configuration 
in fuil-lhickness walls (r> in. or more) that will not cause fracture, and. finally, a combination that will cause 
fracture for both frangible and lough fracture conditions. 

The intermediate vessel tests have been subdivided into four scries: 

1. Haws in cylindrical vessels. A50H. class 2 forging steel two vessel.:; 

2. flaws in cylindrical vessel:; with longitudinal weld seims. A50H. class 2 forging steel, submerged-arc 
welds three vessels: 

.1. flaws in cylindrical vessels with longitudinal weld scams. A5.1.?. grade B. class I plate steel, 
submerged-arc welds two vessels'. 

4. cylindrical vessels with radially attached noz/cls. vessels of A50H. class 2 forging steel and A5.W grade 
'.). class I plate steel: nozzle of A5()H. class 2 forging steel three vessels. 

http://bia.xii.lity
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The report' on tlie first series contains a comprehensive description ol" the pertinent factors considered 
in the design of the vessels and construction ot the lest facility JIII! those leading to the tests of series I. as 
well as a documentation of test results and fracture predictions. F.mphasis is placed on providing the test 
results in v:ch a manner that they form a resource for any investigators interested in the pioblem of 
fracture. This report describes th? three tests in series 2 and documents comprehensive informal'.HI on the 
characteristics of the vessels, material properties, conditions of testing, and results so as to facili.ale further 
analyst.. The report also describes the use of fracture toughness measurements based upo.i equivalent-
energy concepts. These measurements and the investigations of crack growth by tests of botn large tensile 
specimen and model vessels provided the bases for analytical predictions of rupture conditions. 

The test sections of the live vessels of the first two series had identical cylindrical geometry. In :hc 
second series, however, the sharpened flaws were prepared in longitudinal weld seams: two vessels also had 
tlaws located in base metal, but in every case ultimate rupture occurred at a weld-meta! flaw. One vessel in 
each series was tested in the temperature range in which static fracture toughness is in sharp transition. In 
these two tests, linear clastic fracture mechanics based upon strain reasonably describes the observed 
results, although i: is evident that variability in toughness of the weld metal introduces an uncertainty in 
prediction of rupture. One other test in each series was performed at static upper-shelf temperatures, and 
similar results were observed in weld and base metal. The third vessel in series 2 was tested at a higher 
temperature, at which both dynamic and static fracture ioughncsses are on the upper shelf. All vessels 
tested at upper-shelf temperatures demonstrated that the initiation of fracture conesponds to the 
attainment of plastic instability in the neighborhood of the flaw. 



2- DESCRIPTION OF VESSELS 

Design and Procurement 

Vessels V-.v V-4. and V-t» constitute the second series of vessels under task. K of the IISST program.' 
This series was planned to investigate the effect of llaws »•!" various si/es located in weld seams ol c> lindncal 
vessels and tested under transitional and u>u$h modes of failure. 

Fiaure 2.1 shows a partial cross section ui the vessels: the cylindrical section is the test piece. Base 
iiialerial for all o( the shell components is ASTM A5UN. cluss 2 for-in;:. In addition to the circumferential 
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Fig. 2.1. HSST intermediate vessel. 



submerged-arc welds shown in lip. 2-1. a single longitudinal submerged-arc weld was placed in '.he 
cylindrical shells of vessels V-3 and V-4 as shown in Fig. 2.2a. A similar longitudinal submerged-arc weid 
was placed in the cylindrical shell of vessel \'-t>. after which the shell was partitioned arid the resuking two 
cylindrical parts rotated ISO* with respect to ca.li other and rewelded with a circumferential submerged-arc 
weld as shown in hie. 2.2b. This feature permitted the investigation of flaws placed at weld intersections 
(Fig. 2 2b). The |oinl configuration of the longitudinal and circumferential submerged-arc welds arc shown 
respectively in Figs. 2.3a and 2.3b. Repair welding was accomplished by using a shielded-metal-arc 
procedure which was qualified with the joint configuration shown in Fig. 2.3c. 

In addition (o the jwovision for typical reactor pressure vessel kxigitudinal and circumferential weld 
seams, the vessel confizuration shown in Fig. 2.1 was influenced by ( I t the necessity for a thickness 
approximately that of light-water reac or vessels. (2) a reasonable assurance that components other than the 
pvt being tested would not fail prior to the test part, and (3) the requirement that the vessels be reasonably 
economical and procurable by lump sum bidding. The design and procurement activities to achieve these 
objectives for all the intermediate vessels are described in Ref. I: the principal features are summarized 
here. 

Vessels V-3. V-4. and V-6 were procured by ciMnpetilive bidding: the award tor the vessels was made to 
Taylor Forge Division. Gulf and Western Products Company on Dec. 23. 1968. Under the provisions of the 
contract. Taylor Forge's design of the head closure was verified by an analysis performed by Teledyne 
Materials Research Company according to requirements of the 1968 edition of Section I I I of the ASMF 
Pressure Vessel Code and according to special reqiuieiiients of the procurement specifications.1 By these 
requirements the head closure was overdesigned in comparison to the cylindrical shell component, theieby 
giving greater assurance fhat liaws artificially introduced into the cylinder test area (see Fig. 2.1) would 
control vessel failure. 

The cylindrical shells of vessels V-3. V-4. and V-6 were forged from a single piece forging from two 
heats. National Forge 3V928 and IV3828. Mechanical properties of these shells following initial heat 
treatment were atypical of AS08. class 2 materials. Following a study of the effects of retempering.1 a 
reheat treatment produced typical mechanical and toughness properties as given in T;ble 2.1. 

Mechanical properties were obtained from all-weld tensile specimens from the % T location of the weld 
qualification pieces of vessels V-3. V-4. and V-6. Charpy V-notch tests were made at +IO°F on full-size 
specimens from the same weld qualification pieces. Taylor Forge qualified three procedures: WP-37° for 
longitudinal submerged-arc weld seams: WP-380 for circumferential submerged-arc weld seams: and WP-381 
for shielded meial-a.c welds. The results of these specimen tests are shown in Table 2.2 

Radiographic inspection of the longitudinal weld seam of vessels V-4 and V-6 showed that the welds 
were unacceptable and required repairing. Accordingly, the join: design for the longitudinal seams is 
somewhat al variance with (larger than) that shown in Fig. 2.3a. It should be noted (hat no subsequent 
repairs were necessary to either of Ihe longitudinal scams after the defective welds were cut mil and 
.cweldcd. 

Considerable difficult) was encountered in obtaining acceptable circumferential welds. The hemi
spherical hcid-lo-shcll seam of vessel V-6 was the only weld that did not require repairs. In some cases, four 
repair attempts were necessary before the welds were acceptable. 

In a few cases, the weld defects were found by radiographic inspection, but in most cases the weuis 
failed to meet the ultrasonic inspection requirements. Kach of the welds was inspected ultrasonically in 
accordance with the technique defined in Paragraph N-625 of the 1968 edition of Section I I I . ASMI. 
Nuclear Code. The Taylor Forge test procedure specifics that all shear-wave indications producing signals 
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equal 10 the height of the distance amplitude correction ( D A O curves or straight beam indications causing 

IW' loss ol' back-surface reflection are rejectabl.'. The reference Moc.!: used tor instrument calibration is 

shown in Fig. 1A. All the rejectabk- indications were tound by shear-wave inspection, twist ol them near 

the * 4 T level. 

Vessel V-4 v.on:aincd the fewest repairs of the three vessels and was free of "*resectable" indications on 

linal inspection. Alter as many as four repair attempts on the circumferential seams of V-o. rejectahlc 

ultrasonic indications were still being i-mnd lone each in the lop and middle girth seams). In consideration 

of the lact that further repairs couid he more detrimental than helpful and to expedite delivery, it was 

decided to accept V-f. with the-.? imperfections. 

As noted previously, most of the defects found by ultrasonic inspection were not detectable by 

radiography However. Tayli*r Forge reported that .n observing the minding in some of the repair areas they 

could actually sec the defects as they were uncovered. They reported thai the defects appeared to be 

small, very tight ".innger-likc" inclusions usually V, to % in. long and '/* to V, in. high. In all cases, 

porosity was observed immediately before grinding info a "stringer." 

I jch vessel successfully withstood a hydrostatic pressure test of 12.500 psi on completion of final 

postweld heal treatment |PWMT>. Following ultrasonic inspection, the welds of each vessel were inspected 

with magnetic particles on both the outer and the inner surfaces. The vessels were then helium leak tested 

http://7il.lt
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hv pressurizing with a mixture of helium and nitrogen. In each case the leak rate was less than the minimum 
requirement 01" 5.8 X 10"* stdec'sec. 

A detailed listing2 of the mill properties and mil analyses as well as fabrication histories are presented 
hy Childress in a summary fabrication report tor the first six vessels. V-l through V-b. 

Fbw Preparation 

The artificial flaws were machined into vessels V-3. V-*. and V-6 and sharpened by fatigue by means of 
I he hydraulic pulsing technique originally developed by Abbatiello and Derby3 for the notch sharpening of 
ihe large tensile specimens and then successfully adapted to the flawing of vessels V'-l and V-2 ' Also, the 
shear wave ultrasonic technique developed by Baker and Klindf' for monitoring Ihe fatigue crack growth 
«n vessels V-l and V2 was similarly used in the mentoring of flaw growth of vessels V-3.V-4. and V-6. 

Observed and predicted (law sizes using this ultrasonic technique compared favorably on the first series 
nl vessels.1 (hi the second series of vessels an attempt was made to improve and to simplify the procedure 
by using the amplitude of the reflected pulse from a "standard" flaw as a base tor measuring crack growth, 
it was believed that this simple "go-no-go" standard would be an adequate indication for the monitoring of 
fin* fatiguing operation and would eliminate the need for continuous surveillance. The typical hardware 
sclup used tor fatiguing and monitoring the crack growth tor al! outside flaws of the second series of vessels 
is shown in Fig. 2.5. This figure shows the seal biock held against a 2'/. in .wide X Itvin.-long machined flat 
on the vessel by the tensioning hand-iacking studs loading arrangement and scaled hy an O-nng in an oblong 
conligiirition around the crack. The pressure intensitier driven b\ plant air al approximately 100 psig 
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pi<*HW J xnde pfcvairo pul*e. at hn» c>dn$ pre»aiev tor exit >iioke ot the miensilWr prsl.wi The 
pursviic .«n the Jrwhar$e <*t the mtemiiK'; «a» cuainiiled b> nvuiujfi. \ J«TI»; tubing uj iunei m or oaf ss 
dnued f<n vijimp JMJ ! .K v-<m>pcnviim!! tor if act £ i»* ih . A "pump and Jump - arrangement » » 
i<r«|uuc<l l.> jcturte hnji ewNag prevuirev HI ».itdi «.j*e j ci .L.- *<icmted of lour pump vtr.iies. 

An uitr.'wfik. iumducer »a> placed ><n the .*it*:Je vutlace abreast the flaw to m-rfiilxf lla» gr.wth 
lb-.- fcin%uWrr ».» adapted for the then »j*e m.ni-.- .»l liMiimtx»tt and could be precisely maneuvered lot 
T-K.-jviu-nv.-m j» the crack O f * , (rack xpertM"? dnpiacement M (M>|»J> measured on Si«ne • ;' the tla»s b> 
liirii/in; j Jul imltcaiof !>• measure the spread «( pais Lvated I in. <m either swc «•! the flaw j i a distance 
• •? .*% m ab>>ve the flat <in the vessel. 

The pocejure lor sr.iwint in inter** ila» on \essel V-r> presented c.msnieiabiV mechanical, safety. 
»H«iin-. detection, and pumping pr.ihiems.. Mockups mete bul l and employed t>> lest meid boss 
..mlKTiulNOv *eld attachment*. jn«l ullcat.mii; depth teslins techniques and to deveSop operational and 
test procedure standards lot the w<«k. t-qewre 2.f-- shows the r pe ot w d j bhvk and weki contisuraiion 
irwti !•• I J I K W flaw I ' >>l vessel V-fv A number »f precauti<wis were mcorporaied into the wekiins <tpera;it>n 
l.» jsssire safety. 

VeMf! entry h> a welder requited Hun !<• he fully clothed with 3 heat-re*tsunl. tlamepfo.it suit and 
attached wiislieis as shown m Kit. 2.7. Welder «|uaii;icaiion certifications were held to detihmslrale thai all 

O«»HI Dec T« TT*95 
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requisite weldmg operations could be performed. The special precautions included: ihe elimination «»l any 
electrical shuck hazards from the vessel, the supporting structure, and the protective clothing: dual cooling 
at; supplies to the "air conditioned" protective clothing: iwo-way phone coramuMcaiMtts: continuous 
monitoring by personnel stationed there specifically lor that purpose: protected insulated nylon rope for 
wristlets to retain the welder's hands vertically upward to permit assisted evacuation, if required: 
nonhatardous mternal lank ughiing: and controlled air circulation m the vessel to prevent asphyxiation. 

Local preheating uf uV buss and the adjacent walls controlled boss and wall temperatures for the boss 
weld-on process within _»50 to 550'F. Manual torch llame healing of die vessd exterior was used along wiih 
an insulation blanket hner within Ihe vessel. The preheat was controlled and monitored via thermocouples. 
Poslwekl beat was mamlatned for 2 hi and gradually tapered down thereafter. Ar> h 1018 tiller rod was 
used for the root pass, which was made by gas-tungsten arc. The vessel was allowed to cool down tor Iw-'xl 
dye-penelranl testing of the root pass before proceeding with renewed preheat, other gas-tungsten arc-
passes, and finally manual metal arc passes with t X0I0 weld wire specially procured lor this purpose. 
Inierpass temperature was controlled to 500' f. The completed weld was again dye-penetrant checked. 

After pressure cycling was complete, the weld block pad was scarfed from the vessel interior using 
oxy acetylene torch gougmg. The flame-cut surface was kept a minimum of % in. from the inside surface >»i 
the vessel. The remainder of the protruding metal was then removed by hand grmdmg to 250 m. rms 
mniimum to have the fmished surface conform within V,., in. of true posithu of the inside surface. 

Tjhle 2-.» lists the data logged during the ciiurse of fatiguing each of the flaws. Although it was hoped 
that the CUD measurement could provide an empirical basis lor estimating flaw depth, the data obtained 
were of limited use because of nuiiunciions tr<*n friction and jamming **i COD device parts. The 
ultrasonic measurement of the pretest flaw depth was therefore used as the basis for controlling the 
fatiguing ••peration 

f-igures 2> to 2.10 show the kicainms. as-buill machined dimensions, as-built tattgue crack dimensions 
• >l the flaws, jnd materials in which llaws resided for vessels V-.v V-». and V -©. respectrvely. Fncures 2. i I to 
2.1* show impressions oi the machined and fatigue-cracked profiles as de'ermmed alter vessel failure for 
vessels V v V-4. and V-*>. rcspectnely The deviations Imni the ideal geometry of a pail-cucub* crack and 
ihe significant dnference in behavior between latqaiHK xti base metal and weld metal are notewo.thy 
observations diown by ihese ligures. 

Table 2.4 i\ j comparison of the estimated flaw dimensions based upini ultrasonics and suilace 
indication with the actual llaw dimensions Jelermmed alter failure. The significant departure from the 
target depth of 2.5 in lor vessels V .» and V-4 and the lack oi good correspondence between ».he esimuied 
and actual llaw dimensions k*d to the conclusion that ihe standardized ultrasonic procedure was 
made«|uale. Subsequently. on vessel V-r> more attention was patJ to the character of the reflected ultrasonic 
pulses with respect to the motion of the ciy vfal and with respect to the characteristics of the material m 
which the crack resided. Consequently. the estimaies o! llaw dimensions on vessel V-*> were significantly 
•mpioved. Nil additional improvement was desired lo mctease the accuracy of protest failure cakulalions. 

Smce the shear wave mode ultrasonic technique pr.wed to be inadequate, kiwtdt and Baker investigated 
the applicaiHin of signal modification in the base-line muse ahead of the reflected pulse from the flaw as a 
means ol monitoring crack growth Investigative ntockup experiments proved sufficientl> encouraging lo 
motrporale this new approach in ihe monitoring <>l llaws B and C of vessel V-«t (see Table 2..*l. Ttx 
approach appeared to hate sufficient mem to continue us development for future vessel testing 
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See Fins. 2.6 to 2.8 for location and dimension*. The syabol a is flaw depth and 2h is flaw length. 

Due to valvar increase with pressure %*%* valved into systea. the pressure and consequently the COO derreal 
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Flaw growth lc»n fur intermediate vessels V-i. *"-.•"•, i:ul \'-h 
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rid d i m e n s i o n s . The symbol a i s f law depth and 2b i s f law l e n g t h . 

e gage v a l v e d i n t o s y s t e m , the p r e s s u r e and cnnserjuen ly th (100 d e c r e a s e . 2 
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Fig. 2.9. Skelcb allowing flaw Incaliom and as-built flaw size for intermediate test vessel V-4. 



16 

ORNl OWG 74 S3S7R 

A -

LONG. SECTION 

FLAW DIMENSIONS 

Flaw 

As-burii 
machined 
dimensions 

( m l 

At built 
'low w e 

On.) Material 
Surface 
location 

26 * 4 2b 
A 5080 1.750 187 5.25 Weld Outside 
B 5 190 1310 1.34 5.20 Bate Outside 
C 5.3 1210 194 5 30 Weld 'nude 

Fjf .2.10. Sketch showing flaw and ataaiH flaw aire for M I •est vessel V-6. 
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Prolongations of miermedute vessels V-.». V-4. and V-*» were studied b> Stet/man' •* lo obijm lensde. 
Charpy-V impact, and sialic lower-bound Iraclure toughness data. Smularh. the prolongation* were studied 
by Mager ei al. of Wtstinghouse tlectric Corp.7-" lo obtain sialic iraclure toughness data. These Jala were 
used lo set the fracture criteria and lo predict failure as was done lor vessels VI and V-2 pr*»r lo rupturim: 
the vessel. 

Tensile and Charpy V-noich specimens were located m ihe material of mlerest imaterul in which the 
flaws resided, weld material, and base material) typically as shown m Fif. 2.14. Compact-lens** spemwem 
were located in the prolongations as shown in Fig*. 2.I5 lo 2. IK. Complete lahulatmm of lensde. C"harpy-V 
impact and fracture toughness data are given in Appendix A. 

TemHe properties 

The tensile specimen results were obtained from circumferenlully (C) oriented 0.17X-m.-gage-sham 
tensile specimens al a strain rate i. ; 016 mm ' . Yield and ultimate stress results from V-» base meiai al 
75°F were identical to those of the V-l base metal.1 both in magnitude and in variation through the vessel 
wall. Tensile results from the weld metal indicated a somewhat different ihrough-lhe-wall distribution from 
the base metal. Figure 2. IV shows strength values obtained from V-3 weld metal. The outer portion of the 
weld was deposited first and the inner portion last. The region where ihe inner and outer weld passes 
abutted was determined b> surface etching a cross section of the weld to bring out the weld passes. This 
region is noted in Fsg. 2.1**. Il is evident that the strength values from the outer half of the weld are 
considerably lower 'hart the base metal values whereas ihe strength values from the inner half of the weld 
are comparable with Ihe base melai results. Il was initially thought thai the repairs lo the weld may have 
been responsible for this difference, but the room-temperature tensile results from V-4 weld metal (Fig. 
2.20) show I he same typr of behavior. Figure 2.21 shows the tensile results from C-orienied subsi/ed 
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sprcimens of botn svbnurfrd-arc «vM mrul mi baar metal taken from Mr V * prniunfatan. Tnr strength 
dninbuiiom rnroii|di nV ibtcfcarss »*" nr weld and hair mrtabaw snmlar lo ikosr (or V-4. A comparison 
•»f >irW ami ultimate sirrnetlts fur V-4 ai 74*F and V-6 ai *or/|-° indicates thai the nwtd strength valves 
mow link difference and that tnr V * base atrial vames arr about V* lower dur to the Iwjnrr test 
temperature. Tbr region where tftr inner and outer «dd panes abut has been mdkatrd in Fig. 121 to local* 
and orient incstrenftadrKontinurly. Smwbr diKoMmwrirswere noted in V-3 and V-4 welds. The mcrtasr 
in strengths nrar rim /one r» attributed to an increase in ihr carbon consent of the weld deposit from int 
base metal r£>meni used as backup for the root pass of Me sxbrnerged-arc wcM. A delated thrnncat 
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analysis and hardness test m a sumiar region m an identical weld ftfSST 5 IK) in ("anuuiL"'' w p p x i ihr* 
explanation. The changes m Ike redactions m area and ekmcations m this /tmc are not as dramatic and lend 
l» be obscured bv the scatter <>i the data. 

Cftorpjr V-mrtch 

Standard ("harpy V-nolch impact data obtained from %T ("A-«nented specimens limn V - l ham- metal, 
shown m Fig. 2.22. agree with those obtained from % T and % T specimens •>! the same urtrniainiR trom 
V- l base metal when the normal scalier expected ol Charpy energy data is considered.' Figure 2.2.» shows 
the fracture energy vs lest temperature for WL-onenied specimens from the submerged-arc weld m the 
protfmgalion of vessel V-4. Because of the Inmted amount ol' material for specimens. u» (harpy V-notch 
impact data were obfamed on vessels V-.l and V-ft. Instead, (he V-4 data mown m Figs. 2.22 and 2.2} were 
compared with the vendor data on vessels V-3. V-4. and V- * reported earner in this chapter. 

Fracture 

Static lower-bound fracture toughness data. K1..1. from CA-onented precracked (harpy V-notch 
specimens were obtained by Siel/man for the three vessels at a bending rale oi ? • m./mm. Results ln»m 
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the base met J ••! V-4 and V-o are shown m Figs. 2.1-1 and 2.25. and the results IK TI V-5. V-4. and V-r» 
weld metal are J h m m Figs. 22«» in 2.2**. In some mstances a mmmiuai ut specimens were available lor 
lest, and m ••(hers a partR-ular temperature or depth range was chosen lor principal mvesKgaimn. Mager el 
ai.* ••blamed fracture tuugkness data from the base metal ut prolongations ul" vessels V-4 and V'-b and fr--«m 
the weM metal " I prokmgalnws ot vessels V-5. V-4. and V-6. Then base metal data for vessel V-4 are given 
m Fi* . 2.5U. and then weld metal data Urn vessels V-3 and V-4 are pven in Fn>. 2.31 aed 2.32. All she 
specmens (both those of Stet/man a M Mager et al.) nvte fatigue precracked according to the method* 
specified m Rel. 10. AM k>wer4fc>und fracture toughness results were mterpreted b> nvans oi the 
euurvaleni-energy concept. 1 ' ' " 

Stel/man's measurements of K , t J lot V-4 base metal, shown m Fig. 2.24. indicate the same fracture 
••aighness vanalmns with temperafure as the V-1 and V-2 data I F ^ . 4.11. Rel. I I . Likewise, hts dala for 
V-ti. shown in Fig. 2.25. d» not differ significantly from those oi V-4. A comparison of ihrough-ibe-
ibxkness welds mdicaies that sbghtty higher K K j values occur at the outer surface. 

The variation of I L K j with icmperaOire and depth for submerfrd-arc weid metal obtained b> Stel/man 
Ir.tn V-5. V-4. and V-b rs shown n Figs. 2.2b lo 2.2">. The data al 50'F in F* . 2.2b suggests that V-5 
may have higher toughness values at lower temperatures than V-4; however... <kti(n>rul K u ^ data from V-4 
I Fie 2.27) at 5<fF could result in both welds exhibiting a similar behavior, that is. a decrease in k K J 

below 52*F and the same Toughness plateau above 32*F Figure 2.2* shows the V-4 dala from Ftg. 2.2' 
plot led lo show the through-the-weM variatMms of k t < j at several temperatures The toughness values are 
lauK constanl ihrough the weld between 0 and 20C*F. and msu'lWieni data below 0 F bar any cnclusum 
other than K| < ( J values are lower. Abo. a decrease in toughness neat the interlace between the inner and 
outer welds is indicaied. Ihgher K| c j values near the surfaces of the weld were not in evideiice. The static 
fracture toughness dala tor the V-G weld metal fr>im CA-orienled precracked ("harpy V-notcti specinwns are 
shown m Fig. 2.2°. The upper shelf is adeauai*1y defined al approximately 145 ksi v"^-- which is slightly 
h»wer than the V-5 and V-4 levels. A study ot' ihrougji-lhe-lhickness weids showed that KU4 was about 10 
kn y/in. higher for the central IV, 10 : / ,T» region al lest temperature levels of 74.15C. and 200*F Al 0 and 

50"F. K|, j decreased considerably in the region of inner and outer weld pass abutment. 

Although the dala from the tests by Mager et al. are comparable with dala previously obtained for sleds 
of this type, there are some differences. The tests o.» vessel V-4 indicate that the toughness of the weldmem 
material is less than that of the base metal, while the converse has generally been true in the past. 
Comparison of the weldmer.t data for vessels V-3 and V-4 with the base metal data' for vessels V- l and V-2 
indicates significantly .note scalier in weldmenl than in base metal. The toughness **i the weldment 
material 110m vessel V-(» is comparable lo dala obtained in the past and is considerably higher than that in 
vessel V-3. The fracture toughness ihrough the thicknesi I inside surface, mid-lhicknevv and outside surface) 
of vessel V-6 indicates that the material appears to be homogeneous at 200° F. 

tovcsiiyinoRs of Heat-Affected Zone (HAZ) 

A weld segment from ihe prolongation of IISST intermediate lest vessel V-4 wa> met allograph kaliy 
examined by the Slaalliche Malcrialprtifungsanslall IMPAI in Stuttgart, by Westtnghouse Reseaich 
Laboratories in Furope IWRLF.). and by ORNL. A large number of weldmenis of 22 Ni Mo Cr 37 steel 
((German di. .gnation for a steel similar in composition lo ASTM A50H class 2) were also examined by MPA 
lo attempt lo establish qualification standards for the German Reactor Safety Board to impose on nuclear 

*Work performed by Wetfinghnuse HeirltK Corporation tot the HSSf Troftim under Cmon Carbide ('•uporjiion 
Nmlejr Division SiirHo.ituil No. .1196. 
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pressure vessel vendors. The thrust of the MPA studies has been primarily on forging materials, in particular. 
22 Ni -Mo C'r 37 steel: plate materials of interest, particularly ASTM A533. grade B. class I . have shown 
no sensitivity toward cracking and arc not being studied. Consequently, the MPA characterization has 
consisted of metallographic examination of HAZ specimens subjected to various thermom#cnankal 
treatments. Because of the high Nakamura mrnber (empirical number indicating the relative susceptibility 
to cracking? of (he (ISST vessel forging material, the MPA were interested in examining a weld segment 
from the prolongation of vessel V-4 and obtained the material from WRLfc. They found extensive cracks 
and decohesions in the heat-affected zone of the segment. A similar study by Canontco'' of a weldment 
segment from vessel V-3 gave no indication of cracking. 

The segment of the prolongation studied by MPA and WRLE included weld metal and base metal. The 
MPA sectioned the weldment along a plane that was roughly parallel to the weld seam. An 80 X 80 X 20 
mm srx-imen was produced with the large face extending approximately in the thickness direction of the 
plate. This surface was successively polished and examined metallographically to reveal a number of layers 
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through the thickness. The thickness of the specimen included all the HAZ and some of the weW metal. 
Cracks up to 5 mm long and decohesions of grain boundaries, both perpendicular to the welding direction, 
were found in the HAZ. As previously noted, chemical analysis mowed Ihe HAZ material to haw a 
composition indicative of crack semiirviiy in welding. The grain size in this zone was also extremely coarse. 
nearASTMNo. I . 

In a similar examination of a part of Ihe weld segment by WRLE. no indications of cracks or decohesions 
were found initially, even after bending the specimens. Another portion of the weld segment, near the root 
of the weld, was examined metallographically after Ihe MPA observations were reported. Hoi cracks 
(parallel to the direction of the weld) up to 4 mm long and some grain boundary decohesions were 
observed. 

Metaliographic examination at ORN'L of broken Charpy V-nolch specimens from the root of ihe weld 
in the prolongation of V-4 revealed a few (train boundary decohesions. A magnification of 100 to I000X 
was required to ascertain that the indications were indeed dVcohesions. 

The results of these three investigations of the V-4 prolongation material have been discussed among the 
original investigators. The long cracks perpendicular to th» «rld found by MPA are much longer than any 
they observed in their study of qualification weldmenls of 22 Ni Mo Cr 37 sleel produced in Germany. 
Cracks of thai orientation were not found by Ihe other investigators. It was generally recognised that the 
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chemical vomposimn of V-4 bring near the upper limit allowed for AST!M A50B dass 2 forcings makes this 
particular piece of material mure prone to cracking in Ike neat-affected /one than similar material of 
nominal i-omposniun. M?A is conducting further tests of the HSST material to determine creep behavior at 
stress-relief temperatures; ORNL also plans further investigauon of prcperiies of material in heat-affected 
/ones. .« 
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3. TEST FACILITY DESIGN AND PERFORMANCE 

TestFacmty 

The test site lor this scries of intermediate vessel tests was the same as that used tor vessels V-1 and V 2. 
the criteria fur site selection ami design along with a detailed description of the facility are given in Ref. I . 
The tert site is located at an oW power pbnt adjacent to the Oak Ridge Gaseous Diffusion Pbnt lORGDPr 
where the vessel t» pressuri/ed Co failure in a concrete bunkered ceil which was converted from an old steam 
Iwrbine foundation. A seclionai view of the test pit is shown in Fig. 3 .1. and a typical overhead view of a 
test vessel in the pit is shown in Fig. 3.2. 

The test faemty is capable of controlled temperatures from 50 to 350'F and pressurizalion output to 
50.000 psi. Figure 3.3 shows a schematic flow diagram of the facility. 

The vessels were instrumented with Chromd-Alumd thermocouples on each test vessel to determine I he 
adequacy of the prescribed test comhlMms in the regions of interest. From 10 to 16 sensors were used, 
depending on the number of flaws in the test piece. The locations of thermocouples on vessel V-4 are 
shown m Fig. 3.4 as a typical layout Multipoint Brown (Holywel l ) recorders were used to record 
temperatures. 
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The M a n aad oMer >urtace* of the test vessels were msirumenied with nOto 100 diam p a r * Locations 
ot these gages tor the three vesseb are shown m Fins 5.5 through 5.10. The gages oa vesseb V-3 aad V- * 
aad the outer surface gages on V- * were mstalled acvordmg to the procedure' used m the lesimg oC V I aad 

• V-2. The awnW surface gage mstatatioa procedure for V-G was modified, at discussed later at ihr% chapter 
A DMam System "\> computer-coationed data-acqmsiiion system aad portable B1.H >iraHt mdKaior^ wer«-
used to record the «tram data. A complete tabuiat** o; Mrams b given in Appendix B. 

The iTacfc-opeamg dtsptacemeat> tCODsl lor outside surface Haws were measured as follows A dial 
aahcator ami anted oa a short post adpcent to the flaw was positioned :o uveasure the motion oi" another 
post oa the opposite side of the flaw. Two approaches were ased to record the readings on the dial. The 
camera of a dosed-orcaii teienswa set was focused oa die notch aad the «hal As the pressure was 
increased, penoaael ni the coatroi ruuai could watch the notch open aad at die same laae tevord the 
readmgs on the dial makator. As a backup for the T V caajera. a sokautd-coatroHed 55-nan slat camera was 
also focused on the notch and dial. A digital coaatci was mourned near the notch, whenever a pho ograph 
was taken by paiMag a battoa m the control room, the uperaior abo recorded the phot, graph naahtr and 
the pressure m the vessel. The COD devices were developed by A- A. AbhatitOo. ORXL 

la Wan ion to the deal aahcator aKasurcatrnts lor the cracks m V-4. linear displacement transdacers 
were ased to ubtam COD HKaswrements Sdf-oscdbtmg aad demodulating direct-current diffc.-enfrJ 
transformers iDTDTs) were mslaneO to evaluate their performance tor future tests. The COO daiastwwn 
later m this chapter were from rile DCDTv and the remits were satisfactory. 

A special cap mat with strata p a n was developed «ad calibrated for measurement of inside surface 
crack-opeamg dispbeemcats. The strain pars were instated using the same procedures as used for other 
mtenor strata measurements. The arrangement aad concept of the COD cup p a r is shown in Fig 3.11. 

Two complete!) independent systems were used to monitor pressure. The most straightforward method 
was to use another dosed-circun TV set to follow a conventional Bourdon pressure p a t mounted near the 
high-pressure pump Has approach was basKaty a redundancy for a more previse system that consisted of a 
commercially available load cei . a svptalvoadilionmc and excitation unit, and an LAN recorder. After 
having been calibrated at a standards laboratory, this device was accurate to 1250 psi in 50000 psi 

Vessels V-3. V-4. and V-6 were monitored by acoustic emission specialrsis from Wesiinghouse who 
brought their m m equipment to the test site and installed it themselves This work is described in detail 
later m this chapter. 

Scaanmg closed-circuii teiensnm systems were abo utdi/cd for general survedlance of the test pit and 
pressurization equipment For exterior flaws a video tape recorder was utdi/ed for recording a view of the 
ciack behavior up to and during ladure 

Test rroredares 

Vcmwpneamanaa 

Each test vessel is flawed and instrumented at the Y-12 facilities of the Reacior Division as descrihed in 
Ref. I. The vessel is then transported to the test site and placed in the lest cell. The heating-cooling plate 
cods are installed, the insirumeniaiinn lead wires lo the control room are connected, and insulation is 
applied to the vessel. It is then ready to be filled with demineralized waier. followed by connection of the 
pressunzation lines During the filling operation and while the vessel is being brought to the test 
temperature. mstaHafion of television. acoustic emission, and ultrasonic monitoring equipment is 
complcied After final checks on all recording equipment, the vessel is ready I •<• pressunzalron 
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Fig. 3 - 8 - Location of strain gages on inner surface of Intermediate teat vessel V-4, as viewed from inside. Numbers 
shown are channel and wire numbers fur gaj!c» monitored by computer and HLII strain indicators reupcctWvly. 
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shown arc channel and wire numbers I'or gages monitored by computer and III.II strain indicator* respectively. 
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An initial zero data run is recorded, and pressurizaiion begins. Periodic hold times are scheduled during 
which a complete set of data is recorded. These pressurization steps usually occur in increments of 4000 psi 
until 20.000 psi is reached: at that time, smaller increments in pressure are chosen until localized yielding is 
obv nred. The pressurization steps are then determined by strain level and observed behavior until failure 
occurs. As the vessel yields, more than one set of data may be taken during a hold period as the pressure 
drops off. Abo, a previously achieved pressure level may be repeated until strain hardening causes the vessel 
lo become stable at that pressure. The pressure-vs-time records of vessels V-3. V-4. and V-6 are presented in 
Figs. 3.12 to 3.14 respectively. After failure of the vessel, a final set of data from surviving 
instrumentation is recorded. The data and actual flaw configurations are examined and evaluated following 
the test. 

Test Results 

Test results from V-3, V-4. V-6 are shown in Table 3.1. along with a similar summary of V-l and V-2 
test reu i: 

Intermediate V-3 

Figures 3.15 to 3.18 show COD data and representative slrain-vs-pressure curves. Strain data germane 
to the discussion of test results are presented elsewhere in this report, and complete strain data for all three 
vessels are presented in Appendix B Figure 3.19 shows vessel V-3 after failure and before removal 
operations; a closeup of the failure area after cleaning the vessel is depicted in Fig. 3.20. The flaw is clearly 
evident, the dark area being the machined notch and the somewhat lighter strip below showing the extent 
of fatigue sharpening. Localized barreling can also be distinguished. 



O»HI ma. ^ •»» 

•z » 

F*>XI2. I V-3. 

r3.l . 

Vend 
No. 

Test 
tcnpcrefvtv 

FbwawNc 

Depth 

annas fin.) 

Leaa*h 
Raw 

kxaiioM* 

Fiattart 
•tCSMBV 

WllWiMl 
fractMC 

<tiain 

V-I 130 2.5* S.25 BawaKfalfo) 2SJI 0.92 
V-2 32 2.53 S.30 BaxMrtal(o) 27.9 0.19 
V-3 130 2.11 *JO %'ehj aietal (o> 31.0 1.47 
SA< 75 r95 tJS WcM aatbi (of* 24-5 0.17 

75 3.12 t.05 •asraatuMol 2 M 017 
V-6* 190 IJ7 5.25 WcMNrcaMor* 31.9 2.0 

190 1.34 5 20 •aat atrial (o) 31.9 2J0 
190 1.94 5.30 WcJaaMaMi) 31.9 to 

"Letter o « oaliale sarface: i * await mfacc. 
*0attaJe caraajaTereittiBl strain on crater feac of vancf rearoce 
'CoaCsJMal two fbw*. 
•Flaw where fiactarc occarrai-
*CoMaiaci three flaw*. 

from few. 



47 

tx*\L O * G -** na» 

TIME (hr) 

F * J.I3. lV -« . 



48 

<o 

_ _ , _ — • ^ • • • J . . . . * — — . t — i , 
: 

: 

i 

• • • • • — • • • T ^ ^ • 

; ! 
; ! 1 

i < 
i 
• 

! -
! 
: 

; 
— j 1 

i 
! 

•9 > 

in 8 in o >n 

- M 

1 I 

l*t> 3dDSS3Hd 



49 

omu. arK.t mxi 
7000 

r«.xi5. nfrjD- \tm\-i. 

file:///tm/-i


! 

OftNL-MtS 73-90(9 

0.6 0.8 
STRAIN (%) 

1.4 

F*XI« - MTfcMifcw | V X 



51 

OMNL-OWG 73-9080 

fi» M7. C M * 
owehiilrtH 

0.4 0.6 
STRAIN (%) 

17 ML *s 

-J 



S2 

i 

S S 8 8 £ 9 
f * i > 3MOSS3«d 

L. 



53 

OftGOPPHOTO 
1-2270 

Fig. 3.19. Vinrgf tntrtmtVimmta9tttafmtmnmt 



> 
I 

s. 

1 
1 



55 

iMtcmedbte vessel V-4 

Figures 3.21 to 5.24 present COD data and representative strain-vs-pressure curves. Figure 5.25 is a 
closeup of the flaw that caused failure (weld metal> A similarity ;:f fracture behavior can be seen -n Fis. 
5.26. where a %mall model of' the same material and test condition! is compared with the intermediate 
vessel. 

lalemcdiate vessel V-* 

COD data and representative slrain-vs-pressure curves are given in Figs. 5.27 to 530 . Figure 5.51 shows 
the outside surface flaws of V-6 while it was still in the test cell TUe weld metal flaw at which failure 

Fig. 3.21. 

0 1 0? 0.3 
CRACK OPENING DISPLACEMENT (,n.) 

v* COD <w«M mcM flaw) - mtrnncdble test vnctl V-4. 
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weaned, flaw A. » on the right- A section uf the vessel was cut out m order to examine the msMle surface 
flaw, whk.ii is show* m Fig. 3 _>2 A fufl view of V-6 m Fni. 3 J 3 shows quite dearly the degree of barreling 
and local ykhtog. tfcfe shear lips can be seen m the cluseup m Fig. 3 34 

Acansuk Snmutiace During Testa* «f 
h t u i d r t t Test Vends V-3. \A. and V V 

Daring the presswre tests, this tents uf vessei„ was acoustically monitored by Westinghouse Nuclear 
energy Systems. A report' * of these efforts by Schawl! and Luinetii is vurrcnarued below 

An acoustic emission is a transient elastic wave that is generated when a material undergoes ptaslk. 
defwrmatnm. The elastic wave is the result of the rapid release o( energy when the material is strained 
beyond its Imuls of elasticity. The amplitude ol the wave is a function of the fundamental metallurgical 
structure of the material tie., grain *izcl 

The monitoring uf acoustic emission activity and concurrent recording of its behavior over a given time 
period shows promise as a technique for predicting inception of flaw growth. A significant effort is being 
made to develop this technique as a nondestructive testing tool for in-service monitoring of the integrity of 
nuclear reactor pressure vessels and pressure boundaries 

To obtain additional &ta for developing this technique. Westinghouse Nuclear Energy Systems 
participated in this series of vessd rupture tests conducted by ORNL to (11 evaluate the capability of an 
acoustic monitoring system to locate acorn tic acthri'.y. 12» obtain base-line acoustic enusshm data under 
conditions of impending vessel rupture, and 131 pin additional knowledge of acoustic emission phenomena. 

System descrintmn 

A simplified acoustic emission monitoring system is shown in Fie. 3.35. The acoustic wave propagating 
on the metal surface is converted (o an electrical signal by the transducer The analog amplifier stage adds 
ihe necessary p in . and the discriminator stage converts the signal into digital form. The on-line analysis and 
readout equipment was unique fin each of the three vessel rupture tests in which Westinghouse 
participated. The basic operational functions of the on-line and readout equipment consisted of totalizing, 
triangulating, and displaying acoustic events Both analog and digital signals were recorded on magnetic tape 
for subsequent laboratory analysis. 

TrMMmccfs 

The transducers are designed lo provide optimum efficiency in the 300- to 700 kHz range and to 
operate al temperatures in excess of 550*F and at radiation exposures >I00 R hr with no degradation in 
sensitivity They are held in place by magnetic mounts which incorporate a loading spring. 

•Work performed by WcMin*hoii*e flevlrn Corporation t x the Oak Ridr* ViH-.-j! :-.:«.i.ic.»ry «,id tuppnricd >n parr 
under Pnrchxr Order 11Y-7J27V. 
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Fig. 3.34. View of post-test fractal? in intermediate test rami V4t. 
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AmpUfirr/dbciiMinatar 

The electrical ignah are conditioned by a low-noise, high-pin (80- to 100-dB) amplifier. A bandpass 
filter with sharp cutoff characteristics (60 dB per octave) is used to pass only frequencies in the range of 
300 to 700 kHz. The filtered and amplified signal then goes into the discriminator stage, which employs an 
adjusted threshold voltage to eliminate unwanted background noise. Analog signals above the threshold 
voltage produce digital pulses which go to various analysis units. 

Analysis a»d readoat 

The digital pulses are used as input for various analysis equipment. The totalizer sums the digital pulses 
and provides an analog signal for strip-chart recording. The Westinghouse hyperbolic triangular display 
measures the signal and visually dhp.ays the acoustic emission location by energizing a light-emitting diode 
(LED). The LED unit is a free-standing system, operated from a NIM-BIN supply, requiring no computer or 
other support equipment. The LED matrix coordinates correspond to a location found from a hyperbolic 
map which includes transducer position infonnation. The computer-controlled Westinghouse on-line 
triangulatkm system measure* the time differences be*veen signals for an unlimited number of acoustic 
channels Using the time difference information and the transducer position information, the system locates 
the source of the acoustic event and displays it on a CRT. The CRT display shows a planar layout of the 
structure under surveillance, the transducer locations, sad a history ol triangulated acoustic events. A listing 
of triangulated acoustic event coordinates is provided by a hard-copy unit and a teletype listing. 

Test of intenncdizte test vessel V-3 

A flaw was placed in the side of vessel V-3 as shown in Fig. 3 J6 . The outside surface of the vessel was 
covered with plate coils for heating which were lightened in place with J bol! and clamp arrangement. After 
the installation of the heating coils, there was a ribbon of space about I in. wide along the girth s;id length 
of the surface of the vessel. The acoustic transducers were located within this inch of space. The transducer 
mounts in this test were glued to (he vessel 

Four transducers were used io monitor the test vessel. Figure 3.36 also shows the iyout of the four 
transducers. Because of the surface space limitations imposed by the heating jackets, the existing magnet 
mounts could not be used. Instead, alternate mounts were installed will. E?stman 910 cement. 

A fifth transducer was attached to the vessel and was pulsed with a pulse generator. The sensitivity and 
-esponse of each transducer and also the signal propagation time for the vessel were determined in this 
manner 

Figure 3 37 shows the totalized acoustic count; for channel I. which exemplifies the responses 
obtained. All four transducers showed an exponential increase in activity. The on-line analysis equipment 
accurately described the shape and location oi' the flaw. 

Test of mtennedafe test vessel V-4 

Figure 3.38 illustrates the array used lo moni'or the acoustic emission activities originating from the 
two flaws. The 'ransducers w..»re mounted using magnetic holders, and proper operation of the transducers 
was ensured by placing an electronic pulser on the vessel and monitor..g the response. The transducers were 
coupled to the electronics using 150-fl runs of RG-22 B/U cable. 

Figure 3.39 shows the acoustic counts detected as a function of pressur; for channel I. Failure was 
preceded by relatively few emissions, most probably due to brittle fracture. 
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V-4. 

Dunng the test the acoustic emission activity was monitored on an oscilloscope. Channels 2 and 4 were 
chosen for monitoring because of their proximity to the weld and base metal flaws, respectively. 
Throughout the test the weld flaw acoustic emission activity was greater; count-vs-pressure curves also 
indicate more activity in the weld flaw area. 

Triangulation was accomplished on the acoustic emissions originating from both flaws. The greatest 
number of triangulated emissions occurred during pressurizalion from 26.000 psi to rupture. These 
triangulated emission locations concentrated near the top of the weld flaw. 
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Test of intermediate test vcsd V-« 

Three flaws were cut in vessel V-6 as shown in Fig. 3.40. Flaw A was located on the vessel exterior 0* 
weld line. fla* B was on the exterior base m u d . and flaw C was on the 180° weW line in the vessel interior. 
The vessel temperature was maintained at I90°F with heating sleeves and heated circulating fluid. 

In addition to the eight transducer. used in monitoring the test specimen, three transducers were 
installed to be used as simulators. The function of the simulators was to ensure adequate fanviucer 
sensitivity and coupling and proper amplifier gain, and to assess the on-line anaMis and processing 
equipment performance prior to testing 

The transducers and simulators were held in place by magnetic mounts which adjusted «o the contour 
of the tes« vessel. Figure 3.40 also shows the transducer and simulator positions. Optimum selection of 
transducer positions was not possible due to the ORNL strain *ige and healing strip locations. 

Figure 3.41 shows the acoustk counts as a /unction of applied pressure for channel 2. The characteristic 
exponential curve. nnJkaiiw of gross flaw failure, is not p-edominant The counts /eflecf :he acoustic 
activity of the total vessel rather than the state of an individual flaw. Prior to failure, two of the flaws noM 
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probably had not reached a critical state and thus did nut emit acoustic activity at an exponential rate. The 
critical flaw activity would be at i n exponential rate, and the resulting total vessel activity is lire sum of the 
two noncrilical and critical flaws. 

The total counts for the transducers m the proximity o f the critical flaw would not necesvuily be 
definitive due to the relatively small vessel sire, resulting n limited attenuatiim and "arraparound" o f 
signals. Also, the total counts did not inflect Ihe valuable information obtained during pressure holding 
periods Totalization Juring holding was not possible due to the use o f an ultrasonic pulser to monitor 
crack growth. The operation o f an ultrasonic purser was incompatible with ihe on l ine acoustic data 
acquisition equipment being used. 

The acoustic monitoring during holding is indicative o f thv integrity of the reactor vessel. During a 
sialic condition, only a few emissions are expected from uniformly stressed m a t e m l : however, if t flaw is 
propagating, the stress intensity can increase even at a constant pressure. It i . curing the increase m s i r e s 
intensity that plastic deformation will proceed, resulting in acoustic cmivsions. While holding at 12.000 psi. 
the vessel ruptured ai flaw A. 

Analysis of the ra'e of emission* appears t o b*rt'er exemplify the instability o f the structure under 
surveillance (Fif. 3 .42) . The onset of failure coincided with a major increase in the rale of emission*. 

During the final pressure increaw to 3 2 , 0 0 0 psi. the count rate, with the exception of one channel. 
exceeded 1000 counis/n»n (typical 1350 counts/rnin). .Secondary peaking in tht rale occurred, with the 
major secondary peak at 27 .000 psi. This is probably d'ie to structural yielding, which results in continuous 
low-amplitude emissions. 
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In the initial stages of testing, the majority of triangulated emissions concentrated in the vicinity of flaw 
C. This trend continued until approximately 29.000 psi. when most of the emissions triangulated near flaws 
A and B. The final pressure increase from 3I.7SO to 32.00C psi resulted in the most iriangulations A 
holding period followed, during which totalizing was not possible due to an ultrasonic pulser. but data were 
recorded on tape. During subsequent tape playback of iriangulation in the zone encompassing flaw C. the 
ultrasonic pulsei was inhibited to permit iriangulation in zones A and B. Figure 3.43 shows the 
trungulations near flaw A Juring these 2 min of holding at 32.000 psi. 

Ultrasonic Monitoring of Crack Growth 

An attempt was made to ultrasonic My monitor the crack growth at the three flaws in V-6. K. K Klindi 
and S. P. Baker of ORNL were in charge of these efforts. The equipment used was an Automation 
Industries model 725 "immerscope." mo Sperry model 721 "Reflectoscope" ultrasonic detectois. three 
S-MH/ %-in-dizm ultrasonic transducers, and one Sony model EV 310 video tape recorder modified to 
operate with an external sync generator. A network was buill lo modify the video signal and detector sync 
pulse in order lo make them compatible with the tape recorder. 

bach of (he three transducers were oil-coupled lo the outer surface of the vessel ai a notch location and 
were held in place with magnets. The transducer for Ihe inside flaw was positioned directly through the wall 
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from the flaw. Transducers for (he outside flaws were positioned so thai the ultrasonic waves were reflected 
from c*ie insid. surface and back to (he crmk front. 

The three transducers were each monitored by a separate ultrasonic detector in order to simultaneously 
view (he action at each flaw. With only one video recorder, the selection of the flaw to be recorded during 
the pressure hold periods was arbitrary and depended upon the activity observed at each flaw. 
Unfortutu ely. the veuel failed during the switching opew:ion. (hereby precluding (he recording of the 
notch activity at failure a*td indiialing th* need tor a separate tape rccortw for each flaw on future tests. 
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Nevertheless, crack growth from ultrasonic indications was observed on the inside flaw, and valuable 
base-line information and experience were obtained that will be useful in future tests. 

SmaM Steel Mmjrlr Mid Stuww-Gage Pi 11 Inpmci 

EigLt S'^-in.-diam 085-in wall steel models (a scale factor of 7.061 were tested to provide information 
on which to 11) base understanding and predictions of full-scale vessel behavior and (2 I properly determine 
flaw sues and temperatures of the intermediate vessel tests. The results are summarized in Table 5.2. See 
Appendix F for a complete tabulation of strain data. 

Since there were to be three flaws in vessel V-6 when tested, three of the models were tested to 
establish the behavior of the flaws projected for vessel V-6. The target size for the flaws to produce 
significant nominal strain at failure in vessel V-6 was I % in. deep by S in. long. Two flaws were to be 
located on the outer suit ace lone in base metal and one in weld metal), and one was to be on the inner 
surface in weld metal. 

Three model vessels were tested to failure at 200*F. the highest test temperature chosen to that date. 
The cylindrical bodies of these vessels were from vessel V-4 prolongation and were fabricated as described 
in Ref. I . The flaws were placed in base metal alone. 

Since some analyses showed that inside surface flaws would be much more severe than similar-sized 
outside surface flaws, the behavior of model vessel V4.7 suggested that a larger flaw could be tolerated. 
Two additional vessels were tested with flaws about the same size, one containing an inside surface flaw and 
the other an outside surface flaw, both modeled after the target flaw size for vessel V-6. Within the usual 
scatter, it was concluded from the last two tests that an inside surface flaw is no more severe than an 
outside surface flaw of the same size for the cylindrical geometry being investigated. Also, from prior 
intermediate vessel tests, it was concluded that significant nominal strain would be obtained for an 
intermediate vessel attaining the target flaw size on ihe outside surface; this conclusion was supported by 
the data from the tests discussed here. 

The model tests were performed in a water bath. In the initial tests, all the strain gages ceased to 
function properly on the first two model vessels I V4.7 and V4.6) prior to failure. The gaging techniques 
employed at thai lime on the inner surfaces depended on the integrity of the layer of a microcrystalline 
wax. which melts at about 170 to I80°F Additional layers of a flexible two-part coating (Micro-
measurement* M-Kofe 5) were added to retain the wsx until the pressure built up to the point at which the 
wax refro/e. The vessels were regaged using improved techniques and retcster}. and the last model vessel 
tested | V4.4) had a high gage survival rale. The improved techniques were used in gaging the inside surface 
of vessei V-6. 

In addition lo Ihe above strain gage installation, eight experimental weldable strain gages (Ailtech 
SG-I2S) were used on the inside of V-6. The successful results of these gages (shown in Tabic 3.3) provide 
an alternate gage installation for future tests. This type of gage installation had never been used on tests 
above 10.000 psi hydrostatic pressure. 

Although the weldable gage installation costs more, it has some advantages over the foil-gage 
installation. The lime required for installation is about one-half thai of the foil gage. The gage is also useful 
lo higher temperatures, and ils sensitivity exhibits less change at higner pressures. Tne latter was determined 
by the same qualification methods described in Ref. I. I i was concluded, however, that the foil gage would 
be slightly more preferable if the lesi temperature is IS0°F or below and pressures greater than 30.000 psi 
are anticipated. J. H. Butler. ORNL. performed the qualification tests of (he weldable gages. 
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r3.3. of AMech S O I 25 

Pressure at 
Cage No. Sinai encountered Ultimate integrity tadweof care* pressure Sinai encountered 

<P»> (psi) 

IOS 1.55 Faded 21.750 
102 1.6 Faded 30JOOO 
103 1.5 Faded 3OJ0OO 
107 2.97 Failed 31.250 
101 2 3* Faded 3IJD00 
104 7.03 Survived 31^00 
112 6.57 Survived 31500 
106 4.36 Survhcd 31500 

'Failure mode in all cases was a short to pound with coUapsed housing. 
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4. FRACTURE ANALYSIS METHODS AND RESULTS 

Analytical l»pli:atiows of the Test Resells fran Series I . 
Utenaedbte Test Vessels V-l aad V-2 

The experimental and analytical results obtained from series I of the intermediate test vessels.1 

consisting of vessels V-l and V-2. were studied carefully to determine the types of improvements needed in 
the methods of analysis being applied to the vessels. The test results from vessel V-2. which was tested at 
32°F. showed that the estimates of fracture strain based on linear elastic fracture mechanics were quite 
accurate. These results also indicated that an accurate elastic-pUstic stress analysis of the cylindrical region 
of the unflawed vessel should be used to relate the estimated failure strain to the corresponding failure 
pressure, or the reverse. Furthermore, the test results obtained uom vessel V-2 indicated that the 
occurrence of nominal plastic strain in the region of a surface flaw in a cylindrical pressure vessel does not 
necessarily elevate the fracture toughness above its plane strain valae. even though this appears to occur in 
the case of surface-cracked tensile bars, through-cracked beams, and through-cracked plates loaded in 
uniaxial tension. 

The test results from vessel V- l , which was tested at I30°F. indicated that substantial stable crack 
growth (slow crack extension under rising load) had probably occurred before final failure and that the 
onset of tailure was probably induced by the onset of plastic instability in the region surrounding the 
slowly growing flaw. For future tests, it was deemed desirable to attempt to develop a means for 
nondestructive measurement of the amount of stable crack extension that occurs during a test as a function 
of the applied load. This development was eventually successful (see Chapter 2). and an attempt was made 
to measure stable crack growth during the test of vessel V-6 (see Chapter 3). While it was possible to 
estimate the pressure at the onset of plastic instability near the flaw for vessel V - l . an estimate of the 
corresponding nominal strain at failure was deferred, pending the development of the elastic-plastic stress 
analysis mentioned above, including the effects of strain hardening- Model data could have been used for 
this purpose, but the effects of yield stress variations through the thickness of the prolongation materia 
due to quenching made such estimates somewhat uncertain. 

The fracture analysis methods applied to vessels V-l and V-2 were examined to determine which 
methods could best be expected to produce reasonable estimates of failure conditions within definable 
ranges of temperature and flaw size, which methods were potentially suitable for application to the design 
and safety analysis of actual reactor pressure vessels, and the types of improvements needed for each of the 
methods. For predicting failure prior to the onset of through-thickness yielding, an estimate of the failure 
strain by linear elastic fracture mechanics, with the corresponding failure pressure being determined from a 
computed nonlinear pressure-strain curve, appeared to be the best approach. A more accurate method for 
estimating the nonlinear pressure-strain curve was the improvement most needed to improve the accuracy 
of this method with respect to pressure. For failure in the fully plastic range of strain, the equivalent-energy 
method had shown reasonable potential accuracy. The improvement most needed in this method was a 
consistent procedure for estimating the shape factor in the basic equation of the method. The test data 
being obtained from the '/7-scale steel models of the intermediate test vessels were considered to be the best 
basis for this improvement. 

The British stress concentration method.1 although reasonably accurate in the fully plastic range, was 
known to be potentially unconservative at low temperatures, because of its strong dependence on total 
tensile elongation, which does not vary strongly with temperature just below the upper shelf.1 7 Further 
applications of this method were left to its proponents. The tangent modulus method, while still in an early 
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stage of development, had shown good accuracy with respect to the first six ^iermediate tension 
specimens.1 Its (rial application to vessel V-2 had helped to reveal the difference in tobghiicss behavior, in 
the presence of plastic strain, bet ween surface cracks in the cylindrical region of a pies&ure vessel and surface 
crack" in tension specimens. This method was considered worthy of further development, provided that u 
could successfully analyze at Iras; some of the existing steel model lest data. The plastic instability 
method' of analysis had proven accurate for vessel V -1 . and this accuracy was expected 10 be maintained in 
the upper-shelf temperature range. The improvements most needed in this method were a quantitative 
procedure for modeling stable crack growth and the same elastic-plastic stress and strain analysts needed to 
improve the accuracy of the pressure estimate obtained from the linear elastic fracture mechanics anal>si> 
based on strain. In this case, the elastic-plasic analysis is used in the reverse manner, namely, for relating 
pressure lo strain instead of strain to pressure. 

Analyses awd BntmaUom r V i f p f t d m Support of the Scries 2 
Intermediate Piewtwr Vessel Tests 

tVessiiic-stnm curve caicubtioiB 

The analytical and experimental results of the tests of vessels V-l and V-2 made clear the desirability of 
predicting both the pressure and the strain at failure for the intermediate lest vessels. Therefore, an effort 
was undertaken to develop a closed-form elastic-plastic stress and strain analysis of a thick-walled hollow 
cylimler. considering both the ideally plastic and the strain-hardening branches of the type of stress-strain 
curve characteristic of low-alloy pressure vessel steels. For example, a typical stress-strain curve lor A508 
class 2 forging steel is shown in Fig. 4 .1 . The analytical development required was the extension of the 
existing solution of Bland.'* which used the Tresca (maximum shear s;r<rss> yield criterion and a bilinear 

(•10s) 
CPM.-0WG 71-6122 

Fig. 4.1. TypkJ arwrnferenlHl srrcMMMnm cwve »t M f *ickiie» from mMmcdfcle lot «*uei V-l prokMfMiM. 
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(elastic-lineal strain hardening) stress-strain curve, to consider a triftnear stress-strain curve describing an 
elastic ideaii) plastic linear stram-hardening material. This development proved to be quite straightfor
ward. especiaRy since, for the ratio at the outer tu the inner radii of the intermediate test vessch. no more 
than one interna! boundary ever exists between regions of different material behavior at any given load 
level. Since ideally plastic (zero strain hardening) behavior is a special case of linear strain hardening, it was 
not necessary to derive or solve any new differential equations. 

The results of an analysis of an intermedialc test vessel cylinder based on a trihnear stress-strain curve 
arc shown in Fig. 4.2. The vame of the yield stress used for this calculation was 75 ksi. and the linear 

omi omc 74 M M 

01 0.2 03 0 - OS 06 07 08 09 10 11 17 

OUTSIDE SURFACt CIRCUMFERENTIAL STRAIN IXt 
14 

Fig. 4.2. Catcnatm* prenwrc n oattMr cnrmnfefMiiW strain cwvc for inHnmd. ifc M M vtmri geometry 
yMd stitss of 75 k*. the Tract (mMimnm ifctar Mna*) yiiM uifcrtun. and a trinmsr strat-swaM OHV». 
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stram-hardenmg branch of the stress-strain curve was a straight line intersecting the curve shown in Fig. 4.1 
at the strain values of 1.2 and 4.0%. The point labeled "initial yielding" in Fig 4 2 a the point at which 
yielding first occurs at the mside surface of the vessel- Under increasing pressure, the idealy plastic region 
expands radtafy outward from the inside surface of the vessel until the point labeled "gross yield" is 
reached, at which poent the vessel cylinder is conptetety yielded through the thickness. This is the ideally 
panic colbpat pressure for the vessel cylinder. At this pressure the vessel expands radialy outward until 
strain hardening commences at the inside surface, which occurs at the pomi labeled "onset of strain 
hardening." Under un.ni ing pressure, the stram-hardening region then expands radnlty outward from the 
inside surface of the vessel until the point labeled " M y strain hardened" B reached, beyond which the 
entire cylinder is in the siram-harder»*ng range of strain. Folowing these initial calculations, the analysis was 
completely reviewed, and a computer program was written for performing the calculations-1 * Appendix C 
describes this analysis in more dctad. 

Perhaps the most elusive of all the phenomena mvolved in the process of fracture is the phenomenon 
catted iransvene restraint. Fundamentally, this term describes the mabdity of the plastic zone at the tip of * 
crack to freely contract in length along the crack front, because of the restraining effects of the surrounding 
elastic material. The more this contraction is prohibited, the higher is the lensue stress acting in the plastic 
/one ir the direction parallel to the crack front and. consequently, the higher is the hydrostatic tensile 
compon-ntt of stress in the plastic /one. 1 * The hydrostatic tensne component of stress in the plastic /one is 
considerel l«> be directly related to the value of the fracture toughness, because, at least implicitly, the 
ductility uf ihe material in the plastic zone at the lip c-f a crack is considered to decrease as the hydrostatic 
tensile component of stress increases. 

In conventional fracture toughness testing, the effects of transverse restraint are usually expressed in 
terms of the ratio of the computed plastic /one size to the specimen thickness. In fracture analysis, 
attempts have bt-n made to implicitly correhte the amount of nominal plastic strain developed in the 
region of a flaw, normal to the plane of the flaw, with the degree to which transverse restraint has decreased 
and therefore fracture toughness has presumably increased.1 Comparison of Ihe test results from vessel V-2 
with the pretest and posilcst calculations indicated that the development of nominal plastic strain in the 
region of the flaw, normal to the plane of the flaw, does not necessarily elevate the fracture toughness. 
Nevertheless, this had appeared to be the case for Ihe surface-cracked intermediate tension specimens tested 
previously.1 Consequently, it was considered imperative to obtain, from existing data if possible a more 
complete and fundamental understanding of ihe phenomenon of transverse restraint, so thai (his 
phenomenon could be properly considered in subsequent analyses of intermediate (est vessels. For this 
purpose, the experimental data obtained from surface-flawed intermediate tension speci..«en IS. which was 
tested ai 40°F. proved to be extremely useful, because ihe specimen failed in the linear elastic range of 
stress but (he material appeared to possess more than its plane strain value of fracture toughness. An 
analysis of transverse restraint effects few this specimen is given in Appendix E. from which it is concluded 
that the nominal strain acting tangential to the crack tip. in l!»e plane of Ihe crack, is a fundamental 
parameter governing transverse restraint. On the basis of this conclusion, it is postulated that, since Ihe axial 
strain in a cylindrical pressure vessel under internal pressure is nearly zero, even after yielding, the fracture 
toughness of the material at the lip of a surface crack lying in a plane perpendicular lo ihe circumferential 
direction should retain ils plane strain value even after plastic strain has developed in the circumferential 
direction. 

http://un.ni
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Must of the flawed steel specimens tested under the HSST program have tailed m the plastic range »f 
strain rather than in the elastic range, became of the high loudness of the material. Several of the larger 
specMMRS. buth surface-cracked tensile specuaitiu and pressure vessels, which we . tested at temperatures 
of I30*F or higher. Have apparently undergone considerable stable crack growth poor to fariure and fmaty 
reached their miximum loads by what appears to be the development of plastic instability and necking in 
the region surrounding the flaw. An analyst* of the future of a series of I- and fc-in.-thick flawed tensile 
specimens that tailed in the fuiy plastic range of stair* is given in Appendix D. It is concluded that stable 
crack growth and plastic instability are unpurtani modes of physical behavpw that should be expbcitty 
considered in a fracture analysts, especially for large cracks, in tader to obtain consistently accurate 
estimates of fracture conditions for the fully plastic range of strain. 

AmvysB •MOMMB •rvanpnjMM 

Since some inconsistencies had been observed in the values of the experimentally determined shape 
factor used in the equivalent-energy method of elastic-praslk fracture analysis, additional 'A-scale steel 
model test data were obtained and analysed to provide a better basis for estimating this parameter. These 
studies are described in detail in Appendix G. The most important conclusion reached in Appendix G is 
that the experimentally determined shape factor used in the equivalent-energy method is apparently not a 
constant: U U a decreasing function of flaw size and failure strain, at least in the strain-hardening range of 
strain. Despite its potential significance, this fact has no* been considered in any of the equivalent-energy 
calculations for mtermednie test vessels V-3. V-4. and V-6 to be discussed later in this chapter. 

Concurrent with the steel model studies described above, the tangent modulus method was urUergoing 
further development and evaluation. The principal objectives of the developments in the tangent modulus 
method that were accomplished between the testing of vessels V-2 and V-4 were 11) to test the hypothesis 
that surface flaws in tensile specimens and cylindrical pressure vessels are subject to different conditions of 
transverse rest rain I and (2) to develop a rational analytical procedure that can lake this difference into 
account if it exists. In Appendix t . it was concluded that the transverse restraint conditions for surface 
cracks m tensile specimens and cylindrical pressure vessels are in fact different. In Appendix H. this 
hypothesis was further tested by analyzing a series of small steel model pressure vessels by Ihe tangent 
modulus method without allowing for in-.omptae transverse restraint. This analysts was quite successful, 
and it was therefore concluded that the hypothesis concerning Ihe different degrees of transverse restraint 
that exist for surface cracks in tensile specimens and cylindrical pressure vessels b correct and that it can be 
taken info account analytically. The complete details of this and other developments in the method are 
presented in Appendix H. 

The tangent modulus method1 is based on Ihe equation proposed by Neuber' for estimating Ihe 
elastic-plastic stress and strain concentration factors at the lip of a notch. 

K . K , - K ? . (4.1 > 

where the subscripts a and e denote notch lip stress and strain, respectively. Equation (4.1) has been used 
successfully for csirma!ing ihe elaslit-plasik strain range al the lip of a machined notch being cycled in 
fatigue. 1 1 ' 1 1 for relai ng ihc fracture toughness of a material to basic mechanical properties and a 
characteristic root radius. 1 4 and for demonstrating thai Ihc equivalent-energy method is an approximation 
for estimating Ihe value of the J integral 1 S The bask innovation in Ihe analysis, which was also used 
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successfully m Re*. 24. wa> to define K* and Kf in terms of the ratio* of stress and stram n t r t t i f t 
instead »l m term* of ihe correspotKjmg total stresses and strains.1 This approach was ongmaly proposed 
by Drucker 2 4 fur the case of t l a n only. Appendix H includes the successful analyses of several sets of 
fracture lest data f«-.r specimens of A5.V>. grade 1 . cbss I steel by the tangent mudVHB Method. It is 
concluded that the method is potennauv a rational and practical method of elastic-plastic fracture analysis. 

Tea Owftiri w i fat S t r ip 2. Inatmmdmte Tea 
Vcnnb V-J. \A. mi V - * 

The i . i objectives fur series I and 2 of the mtermediaie test vessels are siunmarued in Table 4 .1 . The 
tories I vessels each contained one external surface flaw located in base metal.1 and the series 2 vessels 
contained flaw* m welds as weft" as in base metal. Vessel V-J duplicated the testing conditions of vessel V - l . 
except that the external surface flaw was loci ed m weld metal instead of in base metal (see Fig. 2 *} 
Vessel V - l contained two external surface flaws, one located in weld metal and the other in base metal I see 
Fig. 2 t»|. Vessel V-6 contained an inside surface flaw in wdd metal and two external surface flaws, one in 
weld metal and the other in base metal (see Fig. 2.101. Failure mitnted at the external surface flaw m weld 
metal for all three vessels of series 2. 
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Coanorr wcM Mrul 

ami hx«c mrul 
nntnmme flaw 

stir effects 
tumgi/r pertMmamst 

of iniiii ami oWanr 
sarfoor (bws 

tJtm.ru nmdtami 
CMCHI lat ttjtk 
pfnfofxfnn m '.ht 
dfmmK spptr-^rlf 
nunc at icmpcntvre 

l o t H m w j w a : V-l. IJ0 «•: V-2. J2" f . V-3. I Off. V-4. 
7rf:V+. iWt. 

mavciBi rrnpriiws 

Extensive maierul properly measurements were made for intermediaie lest vessels V-3. V - l . and V-6 
using specimens taken from ihe prob.ingaiions of the cylindrical regions of each of ihe vessel*. These data 
are tabulated, plotted, and discussed in Chapter 2 and in Appendix A. The data include tensile properties. 
Charpy V-noich impact energy, and sialic fraciure toughness K|,^ values obtained from specimens ranging 
fium 0..W4 in 4 in in thickness Table 4.2 identifies Ihe locations of specific Hems of material properly 
data in this report. 

Series I Serks2 
V-l V-2 V-J V-4 V-* 

V v / 
V V V 

V V V V \' 
•J V 

http://tJtm.ru
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Smce the testmc comhtions for «ewt V-3 w*te iniended u» be an—nJrj the sane as fat vessel V-l and 
since the material pruperty and estianied daw sue data impm-i for analysis were not node m i mil nMd 
the day before die lest, only one pretest cakwbtm. performed by the tiynuknt energy metfcod. was 

• 'or vessel V-3. 

Thei.ni i ln l i n i f j • imii«anatystt performed by F. J.WJtt.OKXU 

The static fractme tonglmt ii of ao-m -thick sect>m of wefcJ metal at I30*F was estimated by nsmg the 
data given in Table A-6. Three 0,85-m-thick compact-tension f OJST-CTl weld specimens were tested at 
I30*F. and one 3T-CT wdd specimen was tested at I30*F. grvmg a vane of K k , = 2*7 JOksivm -Drfwnf 
the tomwetric energy ratio1 ' as 

p / Kfce 2 

and jssmmic this quantity to be approximately a linear function of specimen thickness resulted in the 
tullirtnne. values of s j ^ based on the average value of K | s j for d = 0X5 in.: 

pfM-> **# 
0.15 1.00 
3.0 l.«4 
fc.O 2.53 

Note that the data fnim the 0.3*M-in.-ihick specimens were not used in this estimate. Reversing Lq. 14.2) 
gives 

Klvp = K u d y ^ «4 J» 

Consequently. 

K | r t = 195 /- - * 325 ksi >/«" 
V<°«SH2.53> 

The esiimaled flaw dimeiisions in vessel V-3. baser1 on ultrasonic data obtained during fatigue 
sharpening of she flaw. were a ~ 2.55 in. and 2b = S.25 in. These dimrnskms differ somewhat from thine 
given in Table 2.4. The depth dimension given here apparently neglects the reduction in crack depth caused 
by the machining of a flat surface around the entrance to the notch. This flat surface was necessary for 
scaling the seal block that was used during fatigue pre racking of the notch by cyclic prcssurizalion. 
Because no small mooch fabricated from vessel V-3 material and containing flaws in welds were tested prior 
to the lest of vessel V-3. an equivalent energy shape factor value of C » 1. 145 was calculated from the data 
obtained from vessel VI (see Table G-1). Since the r;tunated fracture toughness1 of vessel V-3 weld metal 
exceeded that of vessel VI base metal by only a mull amount. 311 ksi s/inT and since the estimated flaw 
depth in ve*«el V-3 was almost exactly the same as ihe actual flaw depth1 in vessel V-l. identical lest results 
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and from Ret I. M = I»»l 5 k>i ( » ' ('••nsequeniK. at taiiure. 

t d = > > kM - " 

Fr.»m fc'q iG-1*!. 

•PfPv* ' 
m = 

' i t f * v 

Therefore, usint the data f»r *e«el VI listed in Table (i.2. 

I4f>» 

m = — 0«> 0 144 
= 0.0575 t^l" 

FromEq.lG-S). 

'--r'iU" -(^) '"I"'I 
> > 

Therefore. 

r 4 0 » 0.144* 17.38 { / l * (0.0575» 2(¥ij-°- , 4 4|- ,}* ,° 5 

| 4 7 » 
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Urtfd <<n eia^.Kj! method^ rather than the bilinear approximation method used above and a value <>f 
I j - _5J p^i instead <•! r«>; pM the ••nenalK slated estimate >•! tjiJure strain wa\ 0 '*'-". 

F o t n t q iG III. 

p - p v | ! * m u , # « , Y » I •-» Ht 

(••aset|ueniK . the emanated failure ptevnirc is 

P - :~». | l + i0 05"5 l i i Of) 0 !44i | - 2«» fI ksi 

PiMimi Fractte Smeayk Cali rfniva far Ve*d V 3 

Linear elastic tract—* •nfc—it i. based « i strain lanalyvs performed b> J G Merkle. ORNl.l 

An importjni hypothesis resetting from the analyses «»» the sencs I vessels ' ind substantiated b> the 
jrulvses drwussed in Appendix H is thai a linear elastic fracture mech.inh.s analysts expressed in feme. <>t 
- trail* shiHild be accurate below gross \ield and ci»rrvervatr»e thereafter TheretWe. this lype ot ..akulaiion 
was made for each <»t the series 2 vessels Thr> lype of calculation was expected to be conservative for vesse! 
V .v he«.juse <«•>•> yielding P»e.eded failure 

The jvlual flaw depth a in vessel V-.» was 2 11 in isee l a t i e 2 4 i : the fractu-.* toughness K used was 
-*2> ksi \ ' in : and the 'shape factor C relating pressure to k , used was 1 6*» ip l*v? of Re!, i • The modulus 
M relating pressure to siram :s I'M 5 ksi I ' I The estmateu failure strain i> ..akuiated from the 
equation* 

>. = l4*»» 
MC yTfa" 

Thus. 

\, = , = o ..V*T-
l l « l 5»ll h M v - H -

Referring to the calculated pressure-strain curve shown in Fig. 12. the corresponding failure pressure IN 
27 5 ksi 

tVstir imnMily I analysis performed by J G Merkle. ORNI.I 

Since plastic instability analyses have shown good accuracy in the static upper-shelf temperature range 
(sec Ref I and Appendices D and Hi. this method of analysis wis applied to both vessels V-.* and V-6. For 
an external surface flaw in a cylindrical pressure vessel. (!,:> analysis is described in detail on pp. 161 63 of 
Ret I Allowing for 1¥'• stable crack growth Ian arbitrary estimate*, the crack area of a semiellipiical crack 

*N..tr ih.il in ihi% >hjpirr ihe ic.ms t „ 0 and * arc used inreritunrcaMy li< denote outside surface circumferential strain 

file:///ield
http://ih.il


•2 

jt MMMHM load •» oven b% 

HI5r*ai2»r 
A = = I03*»*2bl. 14 101 

where a and 2b ate ihe MHDI dawens* S MI the crack. The rttMW inprsutdal luadhfinwg area at 
i load. I L I U ^ I . ihe area of the crack, B gnea by 

A= |l l *2b l* l | t 14 III 

The tadvre pressor* t» calculated from 

pf=<»»lY l ) ( l ^ - | | 4 l 2 l 

where 

Y = _ . I 4 l * i 

and 0* r> a "flow stress' which is physicafty the hoop sires* al plastic mstabrim m a thin-waNed t*4k>w 
cyimuer under nttenui pressure wrth ckoed ends FoHiwrmg Ret' I. the value ••! «* is taken here a* H*.» 
ks» 

The actual surface length »l ihe flaw m vessel V-5 at zero kod 2b. was ».'0 m. tsee Table 241 Thus. 
fmmEq 14 I0». 

A,. = il.03«»l«2 l»HJ».50» = l*.n* ;,T 

The load-bearing area, from Lq 14 111, rs 

A = |f I I5ii»50) • 6|6 = «M65 in.* 

For the intermediate lest vessels. Y = 1.444: therefore, the fadure r »swre rs estimated from \s\ 14 121 as 

p r=i»*JM0444>(! — - j * .?|.Sk„ 

The corresponding strain at failure fails beyond the range of ihe calculated curve in Fqt. 4 2. but n can bc 
i-akubied. for fully strain hardening conditions, from fcq. IH-7I i. which is 

21 p, s : «n Y> 
X, * 14 14) 

fY1 l |(HS v'l 
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f S ^ S 5 = 70ksaa*ltS; = 5 l 5 k a l i r > . 

2 31 5 I7DM0J67I », = — - zaar. 
M O » 5 M < 1 5 ) 

Tfcr | i ' i i l i f j inigiill»riy»yei«omK<fcyF J Wmt OKSL) 

i k M o i t rad V 3. a OJSm^fcKk M O M CahnoNrf froa «evri V-
I K > I wehf mas Mttei TW giuii—mBijlj t w u t i *a«e factor fa* thn a n M . whack 

iu4riV3A4.w» l i » 5 « « T j » e O I » Ncier tu i i lK^afcKof lC,^ . ,^ 174 5 ^ ^ 
• * • far the s a > » «•* «o4el V3-A4 mas ffcffcsH ^ « M B far CT * e a » m V3A2A2-2 (we TaMc A-t»l. 
I t e w h f o f K^masrecu—jar* — • ; the fog • 

*£"• ••LI 

V3AI-J • 4 5 I7» 

V3*l-5 * » 235 

*'I*2.J»I-I 5 * 3 * 

Nnwr ol Ihr abnwr I J I I J aper ruttr* with TJMT A-6. hwl the Affrrtaccs arc MMMW FoHnwng ihr 
pcrwuuiN 4ocnhe« pruccttar. 

•r - l 7 » * ~* 5 - ^ f c / — 

- ; 20* \ * 
* - • * 3 0*5 * 21* ' 

(OH3II5 I5> 
«••«*.= ' 00 • ; = -? 0 : 

i*iMra = : i M . 

3.5 
= H6 2k« 

IO*5>/2~lI 

Then. wMf the M*nr*r appfnunafion method. 

„ nib-Sr 1 , . , . . _ fcj = = 35.25 Jm • f . 
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For model V3.Mlsre TableC2».p, = i l 5 U . p , = 2fc.2fca.«#l = 2 ?5 : .aud« 0 ^ttl3-* Thenrfawe 

{ — « 
• 2A * 

- = -^^ = 0<T74r:, ' 275 0137 

t,„ =0.137 • 12*2 < / l » « 0 0 7 7 4 l 2 ; - — : 0.157 J I 1 = :_5»': 

p, = 2*.2|l • iaOT'4M 1.3* 0t|57|| = 2« • Jk« 

Tee tiaM estimate based ; * Ike bumear approumatio* method B better than the pteiesi eMutnie. 
aWimnjh the pressure estimate a luwer by a sngJiih gwalcr amount because of the kme: p « « yirld 
pressure of model V3-A4 

The calculation based on :be measured pressure-straw curve of vessel V « Jtowa m F K 4 3 v^nes 
consaderabiy closer with respect tn pressure A; a pressure of 22 0 ksi. the pressure->tram ..urse r% %fill 
ostensibly tmear and the measured straw r*0 Ir~> Fmm «hese values. 8! = 1*3 3 ksii I ' The dtfferenve 
between this value and the ciasiicalh calculated value of l«»l 5 ksi I"i"' wiR be disregarded t'<Mbe«|uentl>. 

III62K 
^ 21I S3 5 J r 

The area under the test curve shown in Fuj 4 .» up to the point p - 31 I kst a n d c 4 # = I 4 5 ' rs40Q ~ pM 
The difference between the measured and the calculated energies is thus 32.4 psi Dmdinc this energy 
difference by a stress of 31 0 ksi gives 

3.24 ksi-f n t n r 

* • JSOksi 

Thus, the estimated failure strain is 145 0.10 - I 35^. and the corresponding pressure, read from the 
pressure-si ram curve in Fuj. 4 3. is 30.S ksi 

The nunwanzed cratfc ope aim; dfaptouujMUl amjiwuh < analysis perfotmed by J (i Mcrkle. ORM.) 

This method of analysis, recently proposed1 T m the United Kingd<im f»r determining allowable crack 
sues for given strain levels, or the reverse, is based on the diagram shown MI Fig 4.4. The curve in Fig 4.4 
relates the normaiued crack opening displacement (COD). 

*c 

^ V « 
•4 I5> 

Zjreva 

where A C IS the critical crack opening displacement, to the strain ratio t t y . The effective crack size a is 
related to actual crack sire a by 

* » C ! a . ( 4 1 6 ) 
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where C is the fracture mechanics shape factor based on the eiastkally calculated nominal stress at the 
location of the flaw. Using the rdat;w, 

Ku* = EG,C = Eo Y * c . (4.17) 

it follows that 

6 L.(i.)-

so that 

J* a 

Dawes2* recently proposed the following equations for representing the curve shown in Fig 4.4: 

$ = 4 ( — I e<O.S«v . ±(1_Y 
- W/ 

and 

(4.18) 

( K l c / o v ) 2 

0 = . (4.19) 

(4.20) 

0 = i _ o.25 €>0.$e Y . (4.21) 

Equation (4.20) incorporates a safety factor of 2 on flaw size in the elastic range for c < 0.5eY. 
For vessel V-3. using o y * 70 ksi and C = 0.9. 

a^(0.9) 2 (2. | | ) = 1.709 in. 

and 

(325/70)2 

<t> = ' — - = 2.007. 
2* (1.709) 

Rearranging Kq. (4.21). 

f (4.22) 
— = 0 + 0 25 e>0.5f Y . 

f Y 
Thus, the allowable stnin is given by 

t = 0.233(2.007 + 0.25) = 0.53^ . 



n 
By comparison with the test data for vessel V 3. (his strain is conservative by about a factor of 3: Ihe 
corresponding pressure from Fig. 4.2 is 27.5 ksi. 

A recent examination of t!»» method of analysis2 * shows thai E«p. 14.20) and (4.21) can be derived by 
using the equivalent-energy approximation for the J integral and assuming an elastic ideally piaslic 
slress-sltun curve. 

The Berkeley Nuclear UboiMeekj tw^critem jppuwcli (analysis performed by J G Merkle. ORNL) 

Another approach to inelastic fracture analysis recently developed in the United Kingdom is a 
generalization of the strip yield model in fracture mechanics.1 ? J * in which the stress terms are arbitrarily 
replaced by load terns/ ' The result is the equation 

» exp - ^ - • (423) — = — cos exp - — = — 1 

where the loads L K . L^. and L, are the failure load predicted by linear elastic fracture mechanics, the 
ultimate load based on a plastic collapse analysis, and the actual failure load, respectively. 

For a surface crack in a cylindrical pressure vessel, L K is estimated, in terms of pressure, from 

L K = — (4.24) 
K 2.8 v > « 

The shape factor value of 2.8 is larger than would be expected based on elastic analysis, but it will be used 
here to be consistent with the method as proposed.3' 

For vessel V-3. 

L . « 3 ? S = 45.1 ksi. 

Since the exact method for estimating L„ is not completely described in Ref. 31. the previously described 
method for estimating failure pressures for plastic instability, but assuming no stable crack growth, will be 
used. Thus. 

n(2.11)(8.50) , M n n . 2 
A c = 14.09 in * . 

A = (8.50+ 6) 6 = 87.0 in. 2 . 

Lu = (88.3) (0.444) (I ^ J = 32.9 ksi 

The calculations pertaining to F.u. (4.23) are 

trLa 
^ - - ^ • , - > - .523 . 

v # L u \/8~(32.9) 



, i I .S I J>J

 = 009844 = cos 84.35* . 

The corresponding strain is estimated from 

2130.8 (70) (0J67) | 
X< = (I085)(5.I5) , J B % 

The above method of analyse is skniai. in principle, to a method based on linear interpolation between 
the yield and ultimate stresses described in Ref. 32. However, the btter method, because it is based on 
uniaxial stresses, is not fuBy developed for application to cases involving multiaxia! stress states. 

IVetestFnctHTStieagnCalcaiatMMBforVesKlV-4 

Vessel V-4 contained two external surface flaws. 90* apart, as shown m Tig." .9. The pretest estimates 
of the flaw sizes based on ultrasonic data are shown in Table 2.4. Static fracture toughness K ) c d data were 
obtained from precracked Charpy V-notch specimens. 0.85T-CT specimens, and 4T-CT specimens. The 
latter two sets of toughness data are lifted in Table A-7. and all the toughness data available before the test 
are plotted in Figs. 4.5 and 4.6. The tensile data available before the test are shown in Fig. 4.7. Of special 
importance is the fact, shown in Fig. 4.6. that at the lest temperature of 75°F the toughness values for weM 
rnetal specimens do not vary systematically with specimen size as is normally expected. 1 3 This fact has a 
significant bearing on the comparisons between analytical results and experimental data to be discussed. 

Linear elastic fractnre mechanics based on strain (analysis performed by C. Buchalet, Westinghouse PWR 
Systems Division) 

This method of analysis, which is identical in principle to the previously described post test analysis of 
vessel V-3. is described in detail on pp. 191 95 cf Ref. I. Referring to Figs. 4.5.4.6. and 4.8. the following 
results were obtained: 

bw Location (ksi V*T.) 
Pt 

A WeU metal 200 0.20 27.0 
» B»K metal 300 0.28 28.5 

The flaw in weld metal, flaw A. was expected to be the failure origin. 

The eqm*i»cs: energy method (analysis performed by F. J Witt. ORNL) 

Several different equivalent-energy analyses were performed for vessel V-4, mostly based on various 
strain readinp obtained from vessel V-3. In general, these analyses indicated that failure would initiate at 
flaw A at a pressure of approximately 29.0 ksi and at a strain of between 0.3 and 0.4% measured 17 in. 
from the vessel midplane. 
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valves vs ifmpcrsiwv for testWMrl V-41 

The following calculation by the bilinear approximaiion method for the failure pressure and nominal 
strain at the flaw location is probably typical. The estimated fracture toughness K ( c 6 for the weld region 
flaw is 200 ksi y/in., and the estimated flaw depth is 2.6 in. Using a value of C = 1.145. based on the lest 
results from vessel V-l (see Table G.I) . 

Pf 
200 

1.145 y/TSn 
61.12 ksi 

Ŝ— 
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The following parameters were estimated from the plot of pressure vs strain in the longitudinal weld of 
vessel V-3 shown in Fig. 4.9: p v = 28.0 ksi. f9v = 0.146%. p f = 30.8 ksi. et, = 1.28^. Therefore. 

m 

34< j I • (00882) h ( ^ ) 0.146 I I f =0.146* 0.272 » 0 

p r * 28.0 | l • (0.0882 M4.18 0 I46 ) | * 28.7 ksi 

( f 9 =0.146* I I 418"* . 
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The (analysts performed by J. C. Metkle. ORNL) 

These calculations were based un the method of analysis described in Appendix H. From Kq. (H-64). it 
follows that 

«X> = (4.25) 

Therefore, if a model and a prototype fail at the same strain. 

(K l c/Sy) (K l c /S v ) 

and. consequently. 

(4.26) 

(4.27) 
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Equation (4.27) allows the calculations previously made for the 6'^-in.-diam model vessels in Appendix H 
to be used for the analysis of vessel V-4. For the models. a m

 x 0.4 in., and for the prototype. a p * 2.60 in. 
Therefore. 

= 0.392 

A yield stress of 70 ksi was assumed for both weld metal and base metal. 
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For flaw A. the weld flaw, the value of K, t was estimated from Fig. 4.6 a; 200 ksi V ^ Thus. 

/ K lc \ 200 
„ _ = 2.86Vrn. 
Sw ,' 70 
^ P 

Sy 
10.392X2.86)= 1.12 Vin-

By linear mterpublwn in Table H-S. X r - 0.4 \%. The pressure corresponding to this strain, from Fig. 4.2. is 
27.5 ksi: out assuming a constrained yield stress of 77 ksi instead of 75 ksi. this pressure was multiplied by 
77/75 to give 28.2 ksi. 

For flaw B. the base metal flaw, the value of K ) r was estimated from Fig. 45 as 275 ksi ̂ /in. Thus. 

£) -f — ̂  
y p 

, = (0.392X3.93)= 1.54 VinT 

By linear interpolation in Table H-5. X f = 0.89%. From Fig. 4.2. the corresponding pressure is about 28.2 
ksi and. multiplying this value by 77/75. gives a pressure of 29.0 ksi. Failure was Iherefore expected to 
initiate at the weld metal flaw, flaw A. 

forties* Fracture Strength Cakrfntini far VewH V-4 

Although it was generally estimated that vessel V-4 would fail at weW flaw A at a pressure between 28.0 
and 29.0 ksi. it actually failed at 26.5 ksi. Failure occurred at a strain of 0.168%. prior to the onset of gross 
yielding instead of afterward as expected. Although some of Ihis difference can be attributed to the 
difference between the actual flaw depth and the predicted flaw depth (3.0 vs 2.6 in.), it is also apparent 
that the tiMighness of the weld metal surrounding flaw A may have teen less than estimated. This is 
assumed to be the case in some of the posltesi analyses to be discussed. The fact thai the weld metal 
toughness in vessel V-4 may have varied appreciably at 75°F is implicit in Fig. 4.6. which shows that the 
toughness values at this temperature do not vary consistently with specimen size as normally expected.'' 
The phenomenon of weld property variability and its influence on fracture safely is widely recognized." It 
is one of the prime reasons for the use of safely factors on load or toughness in Sections III and XI of the 
ASMfc Boiler and Pressure Vessel Code, which apply to nuclear pressure vessels. 

fracture mulmiin h$mi m strain (analysis performed by J. C. Merltle. ORNL) 

Recognizing the possible overestimate of fracture toughness made in the pretest analyses. Fig. 4.6 was 
reexamined, and a fracture toughness of 160 ksi >/inT was selected based on the data shown in the figure for 
the 13 precracked Charpy V-notch specimens Consequently. 

x =

 m

 s 0 J £ K 
1 (I9|.5)(|.66)vvr0» 
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Fiucn Fig. 4.2. this *inun corresponds lu a pressure of 26.2 ksi. Using ihe flaw depth of 2.95 in. listed in 
Table 2.4 gives a strain value of 0.165'> and a pressure of 26.3 ksi. 

The timwjfcni f i i g j iedw<(analysis performed by F. J. Witt.ORNL) 

The main revision in this analysis was in Ihe value of ihe shape factor Choosing a value of C = 1.60. 
which is the value originally used fur the pretest analysis of vessel V-l (see Ref. I. p. 174). and using a 
fracture toughness value of 194.4 ksi y/HT.. which is the value obtained from the 4T-CT weM metal 
specimen (see Table A.7). 

194 
p / = T = = 39.6 ksi . 

Calculating a modulus from Ihe pressure-strain curve recorded by channel 63 on vessel V-4. as shown in Fig. 
3.23. gives 

M = = I8l82ksi(%)~' 
0.11% «° ' ° -«»»~» 

It follows that 

E - = i T i 8 T i 2 T s 4 J l k s i - % = 4 3 , p i i 

The area under the actual pressure-strain curve In Fig. 3.23 is 25 J psi. The strain difference is estimated 
approximately by 

» 4-31 2.33 A A i T O Ac = — » 0.067% . 
26.7 

Therefore, the estimated failure strain is 0.168 • 0.067 = 0.235%. and. by extending the pressure-strain 
curve shown in Fig. 3.23. the estimated failure pressure is about 27 JO ksi. 

The monmHm4 cnwfc uptajn^bphcwaail approach (analysis performed by J. G. Merkle. ORNL) 

Using the method previously described and a yield stress of 70 ksi. 

a "(0.9f (2.95) = 2.39 in. 

and 

2»(2.39) 
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The allowable straw is thus 

f H0.233H0348• 025) = 0.139*; . 

This strain is conservative, but by a factor of 1.2 rather than y/TJO. Frun Fig. 4.2. the corrcspocdrng 
pressure is 24.2 ksi. which is approximately 10% less than the actual failure pressure. 

The werfafcy Nwckf U b u t j l i i u tw-mnrw ippe—th (analysis performed by J. C. Merkle. ORNLl 

Using the method previously described and a value of K,c * 160 ksi ViiT. 

160 
U » = 18.77 ksi. 

* l*y/29Si 

«<2."5M8.25) 
A c = ^ = 19.11 m.1 . 

A =(8.25* 616 = 85.5 in. 1 . 

L. = (88.3)(0.444> ( I ^ j ) = 30.44 k$i. 

»LK *( 18.77) 

>/5 L. ~ V5f (3044) 
= 06849 

e <•-••«•»' = 0 62558 = cos 51 28° 

\ 90 / 
(3044)= 17 J ksi. 

The corresponding strain by elaslic analysis hO&W. This estimate is extremely conservative, due basically 
to the fact that the shape factor value of 2.8 based on pressure is larger than the eiaslically calculated value 
as noted previously. 

hctast Fracture Stmgm CakwhwoM lor Vesurl V-6 

dmlk fracture meeJwiics bacrj on swam (analysis performed by C. Buchaiet. Westinghouse PWR 
Systems Division) 

The fracture toughness data used for (his analysis are listed in Table Ail. and the estimated flaw size 
values arc given in Table 2.4. Linear elastic fracture mechanics shape factors were calculated for each of the 
th'ec flaws by the procedure described on pp. 191 95 of Ref. I. The final results are shown graphically in 
Fig. 4.10. Failure was predicted to occur at flaw C. the inside weld metal flaw, at a pressure of 28.5 ksi and 
a strain of 0.3^. This prediction was known to be very conservative, because gross yielding was actually 
expected to precede failure. 
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fattaia coadUioM for iaUirwtdult lest vcsari V-t by the wwtaod 

(analysis performed by J. G. Merkle, ORNL) 

This analysis was a modification of the analysis used previously, taking into account the effect of 
pressure acting on the faces of an inside surface crack. The resulting equation is 

Pf * 
g*(V I ) ( I A c /A) 

l * ( Y - l )A, /A 
(4.28) 
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Allowing for 20** stable crack growth. 

t l . 2 ) 2 » l l 7 7 H S 3 0 ) . 
A c = = 10 61 ».' 

A= |«l 2)(5JO> + 6| 6 = 74 I 6 i n 2 . 

\ 
— = 0 1431 
A 

Pf = 

(88JK0.444XI 01431) 
I +(0.444) (0 1431) 

= 3l.6ksi. 

Using the pressure-strain curve for model vessel V2-AI-E shown in Fig. G-9. this corresponds to an outside 
circumferential strain of 1.349. These are the predicted failure conditions for the inside weW flaw, flaw C. 

The (analysis performed by F. J. Witt.ORNL) 

The equivalent-energy estimates made for each of the three flaws placed in vessel V-6 were based on 
independent toughness calculations for the individual CT specimens listed in Table A-8. The toughness 
calculations for the CT specimens, given in Table 4.3. were used to make the following estimates of K ( t . 4 

for the material surrounding the three flaws in vessel V-6. 

TaMr4.3. Fractal* forvOMlV-t atSNTF 

Specimen 
No. ftwilron Ttiickncss *icd 

(in.) (ksi Jm.) 
Value of K,C(J u«d 

foraralyxis 

Wctdmrol 

V6-W5 OD 0.8S 223.4 ^ Kl«0.8» * 2 2 ° •"' v-'irT 
V6-W6 V l».85 224.6 f«>r f i i » A 
V6-W7 £ T 0.85 190.0 y KI<0S5 * l82kMN/m. 

for flaw (" V6-W8 %T 0.85 180.3 
y KI<0S5 * l82kMN/m. 

for flaw (" 
V6-W9 ID 0.85 221.2 K k 4 = 341.9 k « N in. 
V6-WI OD» l%in. 4.0 

Mwt metal 

341.9 > 

V6-13 OD+^i«in. 0.85 229.3 "> i 
V6-I0 OD* Vuin. 0.85 199.1 
V6-I4 
V6-1I : / j T 0.85 

0.85 
243.3 
207.2 

[ 
f KUn.K5 ' " ° k« %'"•"• 

for f l i * B V6-I2 ID %tm. 0.85 217.0 
Vt-IS ID V|«m. 0.85 231.7 J 1 

Vfc-2 y 4.0 315.6 ] 
V6-3 y 4.0 336.4 , 

322.8 ) 
K k 4 » 325 k»i v'm 

V64 '4T 4.0 
336.4 , 
322.8 ) 
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For flaw A (outside surface, weld). 

4 / 220\*_ , 
V t 5 « * 0*5 I 341.9 j = ' 9 -

w . t = ^ . i ^ ^ = 2 5 0 

/ 6 _ 
KK* = -20 / = 3Wksiv«n. 

For flaw BI outside surface, base metal). 

» " $ 4 0 .85^325/ " • 

M (1.14)15.15) 

3.15 

Ki. fc = 220 /— -r - = 346 ksi \/in. 
u * V < O x 5 X - 8 5 ) 

For flaw Ci inside surface, weld). 

4 / 1X2 V 
sn«5.4 * o.K5\34l.9J = I J 4 ' 

K|t * = > *- > , 6 •• = 3°0 ksi -X/HT 
U 6 V(0.X5) < I. f.S) 

Shape factors based on pressure were obtained from model data, but an adjustment was made for the 
differences in tlaw shape between :he model and prototype flaws using ihc equation 

f ' = C — . 14.2") 
* P 

where C' is ihc shape factor for the prototype, C is the srupc factor for the mndcl, and the subscripts m and 
p denote model and prototype, respectively. The symbol «l> is an elliptical integral lhal can be closely 



<*m 

i l l 

approximated by hu. (H-63). which is 

* z = I • 4.593 (c (4J0) 

The resulting shape factors for the vessel V-6 flaws are give', in Table 4.4. 

TaMr4.4. StopefactMsiM 
slwpefcuppiiiiin tmftttat I J I I I J I I I I nngl 

n a d V 4 

Haw - i - • , » *P No. 2b * • 

A 0.34S I 371 V4.4 0.2W 1.273 1">»S 1.125 
K 0.332 1.319 V4.4 0.2W 1.273 1.215 I I73 
C 0.334 1.323 V44 0.2*4 1.271 1.232 I.IIS 

The predictions of fracture strain and pressure for vessel V-6 were based on an extrapolation of Ihe 
measured pressure-strain curve for vessel V-3 that w.-s used for the posttest calculations for vessel V-3 (see 
Fig. 4.3). However, a value of M * 200 ksi (%)"' was used for computing the voiumetric energy values. For 
vessel V-6. the bilinear approximation method based on the curve shown in Fig. 4.9 gives almost exactly the 
same values of strain and pressure at failure as were obtained by the graphical solution based on the curve 
shown in Fig. 4.3. The latter values are shown below in parentheses along with the calculated values. 

For flaw A (outside surface, weld). 

p ' = ^ ? = = 135.5 ksi . 
K r 1.125^1.87* 

(I35.5) 1 

E d

 = , ' =45.8 ksi • 1. 
d 2(200) 

c A O - 0 . i 4 6 T | | . 3 4 j y . : (0.0882) h ( ^ ) 0.146 

p f = 28.0 [I + (0.0882)0.61 O.I46)| =31.6 ksi (31.7 ksi). 

I > = I.6I%(I.6%) 

For flaw B (outside surface, base metal). 

p* ^ = = l 2 7 k s i 
K f 1.173 y/Tnii 
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e , 0 = 0.146 • 11J4 I J \ * (0.0882) 2 ( ^ ) - 0.146 I \ * 1.439% < 1.435%). 

p, * 28.0|I • (00882)(1.439 - 0.146)| = 312 ksi(31.2 ksi) 

For flaw C (inside surface. weM). 

390 
Pr - •• _ . - * 139 ksi. 

E J * ^ • 48">ksi-% 
* 2C200) * * 

r , 0 » 0.146*11J4 l y i •(O.08S2) | 2 ( ^ | ) 0.14* ] - 1 J 1.689% (1.68%). 

Pr*2*.0(l + (0.0882) < 1.689 0l-rf>)| = 31-8 ksi (32j0ka). 

Although, strictly speaking, the (law expected to cause the failure was the outside surface flaw in tase 
metal, flaw B. al the estimates were quite close to each other and. as can be seen, abo quite close to the 
actual failure conditions. 

Crack-ofTcst MilyiManahpg performed by J. G. Mcrkfc. ORNL) 

This analysis was performed to determine if a through crack of length equal to double the vessel waff 
thickness would be stable or unstable with respect to a propagating flat (mode I) fracture al a nominal 
s:ress equal to the yield stress. Referring to Table I of Ref. 34. a value of (K| a /o y ) * ?.l is required to 
satisfy this condition for a wall thickness of 6 in. Using the relation between toughness and temperature 
given in Ref. 34. it follows thai 

T = T - i r V <43»> 
For dynamic conditions. 

T . = NDT • 197 . (4J2) 

ForanNDTofM0"F, 

T„ = 10+ I97*207°F. 
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Us ingA T = l25*F> / in7 . 

P 5 
T = 2 0 7 ^ p - x | 6 r F . 

•vl 

Therefore, fur 3 test at ISO'F. there ba 23*F margin against a propagating flat (mode I ) fracture. 

PusHest Fracture Sfcengfli Cahnhniinj far Veauri V-4> 

fracture wrrhanui based*u swain(analysis performed by J G. Merkle.ORNL) 

In principle, this analysis is identical to the pretest analysis performed by Buchatet of Westinghouse. 
Becatne fauurc occurred wcfl after the onset of gross yielding, this analysis wul be quite conservative. For 
flaw A. the outside surface weld metal flaw at which failure occurred, the toughness used wul be K̂ . = 36«» 
ksi y/m.. based on Will's pretcsl estimate. The actual flaw depth was I Jt7 in. Therefore, using a dupe 
factor of C * I Jbb based on pressure. 

X, = W > . * 0.47V* . 
^ 0 » I . 5 M I J 6 6 » V O 7 T 

From Fig. 4.2. this strain corresponds to a pressure of 27.5 ksi 

Photic inufjhiiljr (analysis performed by J. C. Meifcle. ORNL) 

This analysis follows the procedure described m Ref. I and summarized in the pustiest analyses of 
vessel V-3. Since the actual surface length of flaw A was 5.25 in. and. allowing for I SI stable crack growth. 

A C = I I . 0 3 « » H I J J 7 M 5 . 2 5 ) = 10.20m. 2 . 

A - | l l . l 5 » i 5 . 2 5 > » 6 | 6 = 7 2 . 2 3 i n . : . 

p, = IX8.3M0.444) ( I ^ ^ ) = 33.7 ksi. 

The faci thai ihis cakulau-d value irf pressure exceeds the actual failure pressure of 31.9 KSI implies that 
more than 15*7 stable crack growth occurred prior to failure. The si ram corresponding lo a pressure of 33.7 
ksi a estimated from 

» r " 
2{33.7 <70) (0.367)| 

I I .OX5X5 15) 

which again exceeds the acliial failure si rain. 
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The s m i d l w i i n l i ii^nliphiiiinn- appnark t analyst* performed b> J t ; Mettle.URN! I 

Using Ik* method as pirwonsH described and a victd stress of 70 ksi. 

a = <0.4»» :(lJl7r*l.5lm. 

and 

2»|I.5I> 

The allowable strain is risss < = | 0 . 2 J 3 M 2 . * 3 • 0J5» « 0.7411. which » cimsnvatwe. From Fs*. 4 J . the 
re is 27.7 ksi. 

TheltnYihi Nnclenrlwnit i in ! • • iiJMmsffnwKwfanalyssspertoissiedby J.CmtHLh.OHXI > 

Ussnf the method prcvMsh dtfcimtd and K̂  * 36* ksi \ C 

L»- « 7 = = « 54J»7 ksi. 

A « 15.25 • 6)6 » 67.50 m. s . 

L. » f8R3M0.444> ( I ——J « 34.73 ksi. 

*L., «5437) 

V » U V^<34.73l 

e " '•***>* * 0.04*63 * cos«7.2I° . 

I i l l ) i 
I f « qp' <3473>«33.7ksi . 

This estimate agrees exactly witn the plastic mstabihty analysis hosed on an jwowante of 157 staMe cock 
growth, which b c*iden.ly an msutTicsmi allowance foi slaMe crack growth in the dynamic upper-shelf 
temperature range. 

Table 4.5 summarize! the anaryikaC results for the series 2 vessels, tesseh V-3. V<4. and V-6. As in the 

ca*? of the series I vessels.1 vesseh V- l and V-2. no imthod of prediction owerpredkicd a faimre pressure 

by more than I0T. 
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5. CONCLUSIONS 

I V lest* n m m 2 « w m i i <tf turn* m weMment*. T V three m i temper autre* were »> dtmen thai 
each i « i «a% m a dritcrent HMjfcnra ranee. T V lest condrtwu* and pretest iractuie touehneis 
deteiiwnatium are dwwn M TaNe 5.1. Vessel V-.» hail a sialic umehnes* ««n i V upper shell. S J M I I I K lira 
tenet. V - 1 , tested in s e m I. Vessel Y- t was letted ai j temperature svbsuntiaM\ abtwe t V temperature «»J 
i V V-2 test til' «nr» I . t v i t!»e static Iracture Knghwrns was stnl wett A m n i V transnmn reetun Vessel 
V-n was tested at l*KTI-. a temperature rucher than j>> .rf i V previous i n b awl one ai which both i V 
v!jik ami dtuannc tuueharsses were ••« i V upper shell. 

T V flaws ai winch lanuie incurred m b»«tb sews were located ami twienied idrulicalh. alibnueh IWK 
tessets •<€ senr* 2 cunlawn i mulopie (laws. «iue bene an made suriace l b * . T V (laws had essentuUv i V 
same dupe, and sizes ranged ir.wi I..V7 i«> .5.00 m. deep and 5.25 i» S-50 m. hire. Thus, lesi owdiittins 
were uMtictenth inratat m die two series U H uMaltiattve orniparisnos to he nude «n weM metal and base 
metal. Test re»?:s are summatved in TaMe 5.2. 

Vewrf 
l U m 

•m.1 i m . i 

tes t 
t m p r f . i l w e 

. " | » 

I-TJCIBK 

• k M N n L i 

1 b * «*rn rnM»Hi 

1 ' V j l i x f i M j l e r u l 

t» 2.5.? ».>• 52 1X4 I h n t a * - VSMH-2 
4 f c 2.95 s.25 75 I M I OaMak- • e l i 
l J 2.5* s.25 l > i ••II ftolMilc \5»W-2 

y 2.11 *Jn ISM 325 ( t a n n i c » e U 

** 1JI7 5.25 !*• 5*9 O j i u r t c Weld 

^Sf tK» 1 tO»». 
* $ r n r * 2 i - t i v 

;5J-

t f j x i n a i m 
|>«v«ite p , I I L M I j n d 

a r j M A f i > 
j i u i b r c 

I j d w r 

< jfcidafed r e w h t 
I . M d 

fjt-hif V e n d 
t f j x i n a i m 

|>«v«ite p , I I L M I j n d 

a r j M A f i > 
j i u i b r c 

I j d w r 
l f > M" 

bated •<•> 
• I r j m 

PtjMK 
m t l j h l l M l 

I . M d 
fjt-hif R e m j r k t 

t 
Pf 
»f 

27.9 
I U 9 4 

H J I 27.4* 
0.2O* 

l.*1 

4 Pf 
* f 

2 * 5 
( M M 

Mixed 26.2 
tilt,} 

2.73 Ir.M»n»>n t jnee 

I ft 
* f 

2S.S Mixed 27.5* 
0.345 

29.9 2.9* S M I * upper thelf 

3 Pr 31.0 
1.47 

Mixed 27.5* 
0.397 

3.15 3.19 Static vpper shelf 

* Pf 31.9 Shear 27.5 33.7 3.2* SlalK and dynamH-

V 2.0 0.479 iipper dwl f 

Jlmcjr ebMK fiKlaie mcvhanKs. 
pj. denpi pretwre '• 9.7| kn. 

^Harhrr <Mimal» nt prrtwre. HHlodi»»» ihine nf rcfcrciKT I. weic tawd upon * k « jecurale olinwlc of the 
pretwr-tlr.Mii rdalromhip lot ihc mlcrmedcafe *c«eK 

http://tmprf.il
http://pretwr-tlr.Mii


117 

i 

Vessel V-.». tested at l_JO"F. behaved as V-l. Both vevxHs attained siiams m the unllawcd section* tar 
into the plastic rang*. The vessels ruptured when a condition ol plastic mstabthty m tbe net tlawed section 
was attamed. and the rupture propagated m a ititxed mude the lull length ol the test sections. 

Vessels V-l and V-.l were tested at tbe same temperature, and tracture toughnesses were itcarh 
tdenucai. (rack geometry was also belies.d to be the same m both vessels before the test <»i V-3. Hence 
analyses ol V-l were expected i«> apply to V-3. The test results generally confirmed these expectations. 
LfcFM based i<n strain was very conservative, as was expected n these two testv Both the plastic mstabriit \ 
analysis and the equivalent-energy method give reasonable estimates ol both failure pressure and strain. Thc 
crack arrest estimate tor vessel V-l applies also to V-_* and proved to be correct n both tests. 

The test ol' vessel V-h at W i generally ease further confirmation ol the conclusions drawn from llic 
tests conducted at I30'K In situalNins in which LF.FM (based on stramf predicts gross yielding in thc 
untlawed section, plastic mslabmiy in the net tlawed section provides a bettei estimate <»i lariurc pressure 
and strain. 

The V-t> test was the first intermediate vessel test to exhibit crack arrest. The final fracture was a lull 
shear extending about I1/. It from each end of ine flaw. Arrest had been predicted in pretest analysis, 
however, the validity ot that predictitin was not assuied by thrs test, smce it is not known whether ihe di.>p 
m load during crack propagation was a snjsuikani factor. 

The tests at I30°F and above, in which gross yielding in the unllawed section preceded traciuic. 
demonstrate the importance ol properly accounting tor stable crack growth in estimating ihe strength ••( 
structures jnd in the conducting and interpretation of fracture-specimen lesimg. 

The test vessel V-4 at 75 *l demt*istraled the fracture behavior of a structure in the iraclure it«ughiicv> 
transition regime. As was the case in the V-l lest. II KM. based on strain, predicted the failure condil**!* 
reasonably well. However, the prctesi estimates of 'vkire pressure and strain were higher than the true 
values. Some estimates had indicated that gross > kkSmg would precede fracture 

VanaMity of' fracture toughness was known to he characteristic of weld metal. From postiest 
evaluation, it is evident thai the values of fracture toughness used before the lest were too high, and the 
actual crack depth had been substantial!) underestimated by pretest measurements. Nevertheless, the 
fracture pressure was only slightly overestimated by the method ol LfcFM based on swam. 

The following general conclusions haw been drawn from the tests ol the first two series. 
1. Fxpcnmenlal methods have been developed lor observing flaw behavior in structures. Although the 

techniques are not always precise, they have proved to be useful. An ultrasonic method lor precisely 
monitoring crack growth during specimen preparation was developed. Acoustic emission monitoring ol test 
vessels was satisfactorily demonstrated, although the interpretation of such data requires luriher 
development and experience. 

2. The techniques of strain jeagmg the intermediate vessels and acquiring reliable strain data have been 
demonstrated. 

.». Fracture toughness values determined bv testing small specimens have been useful in predicting ihe 
fracture behavior of the intermediate vessels as well as ihe model vessels. 

4. Fracture hrhavuvr of weld melal is essentially like that of Ihe base material of the intermediate 
vessels. Variability of toughness in weld material may be a significant factor in predicting flaw behavior. 

5 Crack initiation prior lo gross yield is satisfactorily predicted by the method of LEFM based on 
si rain 
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AnpemfxA 

MATERIAL PROPERTIES OF PROLONGATIONS 

Properties of base and wcfcl metal of Ihe prolongation of vessel* V-3. V-l. and V-fr were deiermined by 
W. J. Steianan of the Metab and Ceramics Division of Oak Ridge National Laboratory and by T R. Mager. 
S. E. Yanichko. and L. R. Singer of wesimghouse Electric Corporation.*1 

Stebnun tested precracked Charpy V-notch specimens taken from the prolongations of the three 
vessels- The locations of the specimens in the prolongations are show* m Fig Al through AM and Tables 
A-1 and A... orientations are as defined in Fig 2 14: and the data ami fracture toughness values determined 
from these specimens are given in Table A.3. When these sfow-bend tests were made, the specimen 
deflection was obtained frum the ciosshead motion; consequently, conservative I low-fracture toughness! 
rallies were deduced. These results were available at the lime of the vessel tests. SubseuucniK. the system 
was changed so that specimen deflection is presen:fy measured directly By correlation of results obtained 
by both methods, dala accumulated to dale are sufficient lu determine corrections for KKa. data up to i 25 
ksi V ^ This correbtion is shown in Fig A. 10. The adjusted values are included m Table A..» under the 
heading "From specimen deflection." It should be noted that deflections tot ihe adjusted values are taken 
from the correlation, of which the portion above the data points shown rs an assumed linear fit to the data. 

The value of K^.j K calculated in accordance with the expression given m ASTM E -3W-7 2 for hend 
specimens/ with the load PQ being given the value P ^ prescribed by the etwrvaieni-energy mcth<*I. 
namely 

where k is the slope of the linear portion .»f the load-deflection curve a.id E n a v is the area under the curve 
up to maximum load. The dimensional parameters shown in TaMe A.» are as defined in ASTM E-.W-72 
The «pan length was 1.576 m. f.»r ad speennens: the width and thickness of the specimens were nominally 
0.594 in., but actual measurements were used in calculating Ku-a-

Stetzman's measurements of Charpy-impac! and tensile properties of the protonpfmns are given in 
Tables A.4 and A.5. respectively Locations of these specimens art alv« shown in Fig. A.I through A.«>. and 
orientations are as defined in Fig 2.14. 

Fracture lf»ufhnes* was deiermined hy Mager and his co-workers by testing compact-tension specimens 
machined from materials in prolongations of the test cylinders of vessels V-.». V 4 . and V-#». 

The pieces <>f the prulongation of vessel V-3 ideniifiedas V3AI.V3A2AI.and V3A2A2-I in Figs. A.I. 
A.2. and A.3 were sent to Wesiinghmitc Electric Corporatmn for this nurpme. Five 0.X5T CT specimens 
IV3AI-I. V3AI-2. V3AI-3. V3AM. and V3AI-5I were cut from piece V M I . One .'T CT specimen 
•V3A2AI II and six 0..WT ( T specimens(VM2AI 2 through VM2A l-7i werecul from piece VM2AI 
Piece V3A2A2-I was cut into ftmr CJI5T CT specimens J V3A2A2I trm*igh V.V\2A2-li. location* .1 the 
specimens are sh.»wn in Fig. 2 15. 

The parts of the prolongation of vessel V-4 wnl to Wesimghouse for machining and testing of 
compact-tension specimens are pieces V4AIAI. V4AIA2-I. V4A2R. and V4C as identified in Figs. A.4 and 
A.5 One 4T CT specimen IV4AI Al 11 was cut from piece V4AIAI. four 0*5T CT specimens (V4 AIA2 I 

*Wntk spmnnred by ihc IISST nmefam • * * » H'CNO SahrmMnci JI1* hrlsrrn l i w n CirHafc' rr*pnufir>ii jm» 
Wcstmrfcnwr Fkrtrir Cntfnnimm. 
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ORIENTATION ARROWS ON 
ALL PIECES POINT ALONG 
AXIS OF CYLINDER TOWARD 
MACHINED END (AWAY FROM 
TEST VESSEL CYLINDERl 

OHNl DWG 75 99? I 

V3A1 

-^V3A2 

V38 

NOMINAL DIMENSION 
IN >NCHES 

39 

t-'ig. A.I . Calling pbn for the protoaplHMi of vopel V-3. 
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(/)) SLAB V3A2A2 3 
NOMINAL DIMENSIONS 
IN INCHES 

Flj. A.J Oilttftf pU« for pltw VIA J from lh« protiwjtlkin ofvrael V.J. 



mmmmmwmm 

JSLAB_NG 
V3*3 ) 

SHCIMIN Ml) M)H HIANR ] 
JSLAB_NG 

V3*3 ) 3V1M0 
h 

3VI001 3VI007 
it 

J V1003 
f 

3 V1004 
I 

3VI0M) 3VlOUb 
ii 

3VI00' 
1 

3VI0O8 
i 

3Vt00» 3V1010 
' -4 

3 V I 0 I I | 
V3A3 7 3VI01? 3VIO)3 3VWI4 3VlUlb 3V1016 3V10W 3 V I 0 U 3V llit« 3 V W 0 3VI07I 3V107? 3V107' 
V3A3 3 3VI074 3V»0?6 3VI0V6 3VI07' 3VI079 JVI07D 3 V1030 3VI031 3VI03J 3v 1033 3VI334 3 V 1 0 3 * I | 

V3A3 4 3V103A 3V70O0 3V70U1 3V103/ ?V700? 3V?003 3VIQM 3VIG3U 3V70G4 3VIO40 3V700& 3VI04JJ 

*YP| SPtOMJN ChAHP> 1000 Sr MUS SftCIMI N NUMBfMS 
WIMATUHf TJNSIII WOO SI Hlf C SPICIMI N NUMrtl HS 

flU'll li.VI. /'/ W I 

OUTSUH SuMACt 

ORICNTATlON, 

V3A3 I 

..•' 

/ 
OHllNTATKJN 

V3A3 5 
V3A3 6 

Ui v3A3 

MM4INA1 DIMENSIONS 
IN INCXfS 

— / 

_ / 

/ 

K 

IM TYPICAL SI AH 

FJf, A.3. ( \ i l lU | plan fw |>teve V JAJ from the pro4tMptfc.fi uf vtatel V-J. 

—., M l l l m 

http://pro4tMptfc.fi


127 

ORNL OMTG 75 9S74 

V4A2A 
V4A28 

V4A2C 

ORIENTATION ARROWS ON 
ALL PIECES POINT ALONG 
AXIS OF CYLINDER TOWARO 
MACHINEO END (AWAY FROM 
TEST VESSEL CYLINDER) 

NOMINAL DIMENSIONS 
IN INCHES 

Fig. A.*. Cfclfmg fttm for Ike O T V O K I V - * . 
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0 » V 'IOC '"- 9*>. 
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OANl IMG TS tn» 

V687 

ORIENTATION ARROWS ON 
V6B1 AND PIECES THEREOF 
POINT ALONG AXIS OF 
CYLINDER TOWARD FLAME -
CUT ENO (TOWARD TEST 
VESSEL CYLINDER! 

NOMINAL DIMENSIONS 
IN INCHES 

F%. A.S. Caltmg pta* for ike ofvoMlV-t. 
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fig. A.*. Cattiaf pfc« for pncc V6B! from the V-6. See Table A.2 or tpecimcn number*. 
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^C Sis .ate -- 5 . * -- f.tfc 11 151 171 
M n« .ate . 1 1 * 5 .1 -- f - » l J t 1*0 159 
— — - W ~ 3-> _ e .4 i J» at 1 * * 

— -» .05* — 5.5 — »aa 10 1*0 149 
-- « -ot j -- 5.7 » •Ja » U 7 147 

ICJC ««e • 0 » a«v 5.0 — * -5§ *f 110 1*7 
-• .» -Ott •• 5-* — # J » J4 150 171 

1*5 «*o — -c* •- 1.4 > J » 1» 101 115 
USX •» •• -OM » J-» * . M U lot m 
V»K *J0 -C4J • J iJi »o» I t 151 l i t 
U-"i « 5 -070 ac* «.6 •• e.4t n U t 1*5 
1«0C J » — .Oft •• 2 J. >.» 17 M 97 
IJiC UO .etc .077 5.7 .. ».oo 15 155 177 
«3C J50 •• .031 »-5 — *-« u l o t 111 
U«e *9> .OH J U t J — » . M u *4» M * 

M l w • t u l 

i ». .079 .» • J __ ».* H 174 M 

« ~ .071 •• «-7 — • -Jk H 154 174 

.- — .019 •• 7 . * — » J 4 *k Ml 19» 
— -. .071 — «-5 •• «.* M Ml m 1 -— — *t — • -» — >-<4 J» u t n* 1 — •oto — I . » •• » J » » u. m i -. .OR .. 7a — >J«0 14 u. m •• — .Ott — 4 . 1 •• » J » » 157 119 
.. — .079 — 7.5 ~ » • * * J4 m 19T 

1 *• Mi — 4 . 1 •• • JK3 11 141 l i t 
1 — — .074 — 4 - » .. « . ? • » m m 1 •• .en ~ 4 . J •• >̂ > V 171 i«« 
• — •• .<». — 7 J 4 •• I J t IS M» M 

— — .on .. 7 ^ .. *.<* M) 141 m 1 — .015 — 7.» -• • * to m Mt 
1 •• .OW »- 5.7 — »-o» Jfc 114 174 

s» 475 .074 J « T-» — ».»* 
• »* 

JT m 19» 
135C *» •• on ~ »* 

».»* 
• »* 11 m U 5 

1*15 J K — •0*5 •• *JS M » U Ut ISO 
i m X •• -0»1 « k.4 1.74 » m m a w X — .«» •• 1 ^ » J » 4 7 * 74 
»*e t tO •• -CM •- 1 » W J I I t I I I »*» 
u*o 715 ~ O H — »> a a 151 m 

1 1 X 0 140 .0(7 .091 f > •• a 14 m a t 
i .. .017 « J 4 •• a * 155 m 

- 9 » * 0 -• ii» — 5.1 a 14 W t • i i 
» ie •JO ~ •019 — \l •-« f » 174 « i 
W * •- • • » — \l »>• n M l u t 
» t t n» — • < • » •• M « 

t 111 n> 
U*5 tot •• •• U « i » t H9» 1*0 — ^OJfc — »-» ».» t 7k t kUe 090 •• ,oii « 4 4 »-*i i t 1 * »n 
M e 

*0> 
- :S - »4» 

u 
i i 

MT 
•> 

wo 
149 

e 

file:///tmxmi*
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Tabic A. 4. Charpy inpact data from prolongation of 
vassal V-4 — CA oriantation 

_ . Taat _ ^ Lateral 
spacuan D»ptD« teanarature JS'S* axpansion *»• r f ) (ft-lb) { u L u y 

¥-4 weld natal 

4V-1039 .09 0 48 40 
-1040 .09 -10 30 24 
-1041 .09 50 74 63 
-1042 .09 65 94 64 
-1150 .04 -100 6 5 
-1151 .13 25 56 48 
-1154 .04 0 91 72 
-1155 .13 -25 13 13 
-1158 .04 100 125 91 
-1159 .13 -50 10 11 
-1162 .04 200 122 92 
-1163 .13 50 

V-4 base natal 
43 39 

4V-1049 .59 130 80.5 65 
-1120 .59 75 49 43 
-1068 .59 50 39 36 
-1079 .59 32 38 31 
-1090 .59 0 29 24 
-1098 .59 -50 11 9 
-1109 .59 -100 6 3 
-1050 .68 200 88 70 
-1061 .68 130 88.5 76 
-1069 .68 100 67 55 
-1080 .68 72 56 44 
-1091 .68 50 49 42 
-1099 .68 25 37 33 
-1110 .68 0 30 27 
-1121 .68 -50 13 9 

I 

Fraction of wall thicknass fro* oatsida. 
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Table A. 5. Tensile properties for eaterial from the prolongations 
of vessels V-3, V-4, and V-4 - circumferential (C) orientation 

Specinen n _ r l . a Tenperature 
•o. °**th C D 

V-3 vela aetal 

tower Ultijnate Total Seduction 
yield strength elongation in area 
(ksi) (ksi) « ) (X) 

3V-2000 .84 74 69.7 S3. 3 17.3 73.3 
-2002 .59 76 72.2 •4 .0 14.5 71.8 
-2004 .32 74 66.5 70.4 16.2 73.7 
-2005 .13 74 60.0 01.2 19.4 73.1 
-2001 .77 200 67.3 

V-4 base net&l 

70.1 14.3 73.2 

4V-2O05 .04 74 76.2 94.5 18.1 6S.4 
-2007 .22 74 70.4 92.4 19.1 64.9 
-2009 .41 74 69.3 91.1 19.0 63.5 
-2011 .59 74 69.2 09.9 l\».l 63.3 
-2013 .77 74 69.5 90.6 18.1 64.0 
-2015 .95 74 72.2 

V-4 weld netal 

93.3 18.3 67.4 

4V-2000 .13 74 65.9 79.6 18.2 74.0 
-2001 .31 74 66.6 79.2 15.7 73.7 
-2002 .50 7* 66.7 79.6 14.8 71.4 
-2003 .60 74 72.9 04.4 14.3 71.1 
-2004 . « • 74 75.0 

V-4 w l d nrtal 

89.4 13.7 70.8 

6V-2000 .13 290 65.3 76.1 14.3 73.1 
-2001 .31 200 66.1 70.0 14.6 72.5 
-2002 .50 200 67.3 00.0 15.9 72.9 
-2903 . * * 200 70.9 90.6 12.7 69.5 
-2004 .On 200 75.5 

V-4 bj.se aetal 

00.0 13.3 71.4 

4V-2005 .13 200 44.7 05.5 17.2 47.7 
-200» .31 200 64.2 83.8 17.1 47.4 
-2007 .50 200 64.5 83.9 16.7 65.4 
- 2 0 M . M 200 61.4 83.6 14.8 67.1 
-200f .84 200 66.5 87.5 16.5 68.7 

'fraction of wall thickness (4 in.) from eetside. 

http://bj.se
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rift* rinOI I f J M T C T i 
IV-JI 

N*. 
OB-1 <M a*.*) (k* *3t) 

O L 3 9 * T C T I 

V3A2AI-2 -100 •414 1350 M J 140* 54 554 
V3A2AI-3 -50 0410 2410 CIJ IjBOO 44 1104 
V3A2A1-4 • « 0421 2J20 197.3 1J0O 54 1974 
V3A2AI-5 •7$ 0.405 2.490 152-2 140* 4.7 I K J 
V3A2AI4 •130 0L41O 2075 197.5 1.000 44 1905 
V3A2AI-7 •200 0410 2JS0 

OLOSOTCT* 

1594 1400 44 I 7 I J 

V3AI-I -50 04SI 5J0O M J 4JD0O 30.7 534 
VJAI-4 •32 0.911 SJ70 I33J 4400 324 00.7 
V3AI-2 •100 0490 IIJOO 903.4 4400 20.2 215.1 
V3A1-3 •130 0403 11499 7094 4400 304 1044 
V3AI-S •IJO 0400 11.599 

OLOSOTCT* 

I.0J4.I 4400 29.3 2214 

V3A2A24 0 0.92* 9JOB 2*34 4400 32.2 113.3 
V3A2A2-3 •32 0.911 9.540 232.1 4400 315 1044 
V3A2A2-2 •130 0LS7S 11400 •J0.3 4400 334 109.5 
V3A2A2-I •200 0490 IIJOO 

nctm 
553JO 4400 314 1524 

V3A2A-I •130 3,350 113.500 114*04 40400 5544 2074 
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N*. 

Tot 

en 
Gnck 

rifeOcttnMMrffca 

<»> 

•«aLSS0Taa44TCTi 
IV-4-

Eacffjr 10 Eacrcjr 
U»PQ 

<•»-•»> 

K|c4 

V4C-7 -ISO 0J7I 4.750 40.7 44)00 15.2 44J0 
V4C-* -50 OSS3 12050 309.4 4J900 23.2 139 J) 
V4C9 0 at72 11.975 723.4 4J0OO 30J 174.0 
V4C-10 •32 0J*7 IIJ900 1.170 M 44)00 2SJ 230.4 
V4C-1I •100 0JC4 11.750 1.1*2 JO 44)00 2SJ 243.0 

h « M t*Msnctn M M - ' l M t O i d b » » # _ ) 

V4C-I2 •32 OJSS I2J00 1-054.1 4jno 20.4 220J 
V4C-13 •SO O J U IIAOO 1.394.5 44W0 2*4) 2C9JD 
V4C-I* •SO 0JS5 12.000 1.413.3 44MO 27.1 2504) 
V4C-I4 •7$ OJSI I I J U O IA24J 4JO0O 27J 2004* 
V4C-I5 •130 0L»71 IIJOO 

i t t < * T C T * a 

I4K9-* 44H0 29.0 220.1 

V4C-I •r» 4.120 2O0JMO I2.972J> 004)00 1.504.0 209.9 
V4C-2 •so 4.130 2144)00 I5.43«J> 004)00 I.42SJI 235J1 
V4C-S •50 4.1«* 199.500 12.400.0 •noon I.572J0 2O3J0 
V4C-S •7S 4.139 2214)00 20.2*0.0 004HO 1.5204) 2*141 
V4C* •7S 4.20S 2104)00 23JJO&0 •04MO 13*4 J) 2 0 * J 0 
V4C-4 •130 4.150 2224*10 31.7524) 004)00 I.432J0 3 3 S J * 

w . i — i o r o i c r , r 
V4A20-2 •32 0.S7S 11.200 I.734J 44)00 27.4 209.5 
V4A20-S •SO 0JS3 injso 342.7 44)00 274 129 J 
V4A2B4 •so 0LS7I 11.350 541.7 4,000 2*J0 1*4.1 
V4A20-I •so OJOI 11.100 IJ4S.0 44)00 27.0 255.0 
V4A20-3 •7S OLSB7 H J M O 3*1.4 44MO 27J» 133.7 

W I I iQLHwrr^wciwf 
WAIA2-I SO 0US7 9.9B0 2 2 M 440T 2*J» 112.7 
V4AIA2-2 •32 OLS7* 11.150 930.1 *tnm 24 4) 22*.3 
V4AIA2-3 •SO asm lOjtoo IJ3I .7 4JP00 2*41 2*241 
V4AIA2-4 •ISO 0J*3 IOJHO 1.475 J 

M4TCTjf» i 

44001 2»J 2**4» 

V4AIAI-I •75 3.9*3 197 5*0 9jM0jR OAJWB 1.13*41 1944 
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itatiagtCSTaaJCTCT] 

No. 

Tot rncfc Mni 

<M.> <»> 

Energy l e 
BXMW »> 

EMtgjrt 

vft-ie 
V4-IJ 

Vt-M 
V4VI4 

V4-I2 
V4-I5 

V M 

V W 

VfrWS 
V*-*» 
VMT7 
vwn 
VVK9 

•200 
•200 

0JS2 
0J»7 

•200 
•200 

•200 

•200 
•200 

•200 
•200 
•200 
•200 

0LM7 

0J92 
0*77 

4.122 

4.172 
4*«2 

0L»«J 
0.075 
0.005 

OLBSOTCTI 

12.230 
12.000 

I O J M T C T I 

I I 
12 

OJS0TCT) 

12.100 
I 2 J W 0 

4TCf 

223.500 

net 
2l»JWb 
215.500 

i u w r a 

i N t t M t 

9 I0J 
1.414.0 

IJW.0 
I .4*7J0 

OISJO 
1.1*0.0 

30JIA.2 

21.334.5 
37J37.4 

4000 
4.000 

4J900 
4JD00 

4J0OO 
4.000 

OOJOOO 

M 
OOJOOO 
onjono 

o.m 

4MI 
4JD00 
4.000 
4400 
4.000 

2 S J O 
2 » J 0 

2 » J 0 

no 

27 JO 
JtJO 

1520.0 

15*0 J) 
IM0.0 

2IJ0 
2»J> 
2»J0 
2*J0 
2Sil 

200.4 
2»7J> 

255J0 
202J 

2174) 
233.1 

3I7A 

309JO 
342.7 

24W 
204.5 
2 2 M 
I M A 
2SI.I 

VfrWI *7m 3.000 272JMO 34.7*7 J» OOAOO 1440.0 3214 



144 

through V4AIA2-4) were cut from piece V4AIAM. and five 0K5T CT specimens 1V4A2B I ihrough 
V4A2B-5* were cut from piece V4A2B. Westinghoust cut 16 CT specimens from piece V4C: sis 4T 
specimens (V4C-I through V4C-6» and ten )K5T specimens (V4C7 through V4C 16). Locations of all the 
Westinghouse specimens from the V 4 prolongation are shown in Figs. 2.16 and 2.17. 

Piece V6A. shown in Fig A.8. was set to Westinghouse. Westmghuuse cut four 4T I W W I and V6-2 
through V6-») and eleven 0.85T (V6-W5 through V6-W9 and Vt> 10 ihrough V6-IS» ctNnpact-temion 
specimens from this piece, as shown in Fig 2-18-

The results of the compact-tension specimen tests are given in Tables A.6 through AJl for vessels V-3. 
V-4. and V-6. respectively. 

1. T. R. Mager. S. E. Yanichko. and L. R. Singer. Frwctme Toughness Chamcierizmiiim of HSST 
liuermtdme ifcnswr Vessel Mmterwi. WCAP-84S61 December 1974). 

2. ASTM E 399-72. "Method of Test for Plane Strain Fracture Toughness of Metallic Materials". ASTM 
Smmhnh. Part 31 1973 
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Appendix B 

INTEKMEDIATE VESSEL TEST DATA 

Strains recorded by the computer-controlled data-acquisition system and by BLH strain indicators are 
tabulated completer/ in dm appendix. The strain face layouts, showing locations of facts by data channel 
number, are presented in Figs. 3.5 through 3.10. 



Takla 0 . 1 . r m m strata «ata f e w V-3 t « 

Strata ( u l a . / l a . ) m 

•XOO ooBo 12060 16110 18720 20U0 

—8*203916*«3 
- .21727542*03 
- .39051108*03 
- .40025498*03 
- .08670318*03 
- .81297098*03 
- .17551048*03 
- .31758048*03 
- .14997708*04 
- . 38762*48*03 
- . 4 1 6 4 0 7 3 8 * 0 * 
- . 018 *4358*03 
— 65609408*05 
- . 10405658*03 
• • 1*046668*03 
- .25990301*03 
- .65012392*05 
- .02100692*02 
- .24255938*03 
- .61132042*02 
- .13212508*04 
- . 2 9 1 * 6 0 0 8 * 0 3 
• . 404*6558*03 
* . t f « ] « M C « l 3 
- . 404*6558*03 
- .67037738*03 
- .13004198*03 
- .C I495098*03 
- .21297098*03 
- .72965008*02 
- . 207*6298*03 
- .76909068*02 
- .20706298*03 
- . 2 l92506E*03 
• •90761548*01 
- .01707548*03 
- . 493 *0778*02 
- .32788038*03 
— 44640218*03 
• .13640048*04 
— 42*72418*03 
- .33973978*03 
- .34764068*03 
- .5135600E^02 
- .2073992E^03 
- . |g76469E*PJ 
- .6704*93E*02 
••3963775E*03 
-.I360690E<>03 
—39034958*03 
- . I 735647E*03 
• • I 0 | 4 5 4 0 E * 0 3 
- .1073710E*03 

- .44961058*03 
- .44241008*03 
- .00534438*03 
- .09064538*03 
- .45943638*03 
- .43967658*03 
- .36004328*03 
— 63009938*03 
—20355632*04 
—6667042S*03 
—05303178*02 
— 43633498*03 
— 66092222*05 
—20749568*03 
—26754408*03 
—50532752*03 
— 1085*358*02 
— 15917508*03 
— 52658668*03 
— 13217098*03 
— 64640078*05 
— 63009922*03 
—0262O87£*03 
— 15519108*04 
—02427472*03 
— 13921668*04 
—2S00335£*03 
— 43976638*03 
— 43395058*03 
— 15381508*03 
—42004798*03 
—1479271E*03 
—422O297E*03 
—4463320E*03 
—6520I49E*02 
— 44447 79E4-03 
—96VI799E*02 
—6577275E*03 
—05521762*03 
• .13133648*04 
- .05520718*03 
— 60339668*03 
— 70129228*83 
-. 10060418*03 
— 42299298*83 
-.3852I9«E*03 
— 13606908*03 
-.80261518*03 
—2700550E*03 
—8CSe 4308*03 
-.35501368*03 
— 37079728*03 
— 38460358*03 

- .65300148*03 
- . I 1 8 4 8 7 0 8 * 0 4 
- . I 2 9 7 3 4 * 8 * * 4 
— 69080958*03 
—654713*8*03 
— 53244738*03 
- .934501 58*03 
—24343*98**4 
—90420948*03 
— 12299748*03 
—64*66198*03 
—66447IHE>05 
- . 29507 638*02 
— 4004665,E*03 
—96623772*03 
—0266443E** ! 
—234563SE*03 
—0637479£*03 
—2I297*9E*03 
—6465094E*0S 
—95O5I71E*03 
-•1218712E*04 
—21712*2E*04 
—12147 68E*04 
- .19542798*04 
— 4121537E*03 
— 6460249E*03 
— 6309360E*0?< 
— 2 2 4 0 I I I E * » 3 
— 62118*68*03 
—22875518*03 
—623I6*6E*03 
—65972708*03 
- .987615«£*02 
- .6S775I8E*03 
- .1402413E*03 
—9639126E*03 
—I222668£*04 
* . I 7 I 4 5 0 0 E * 0 4 
- . 1256247E*04 
- .10034178*04 
— 10271208*04 
— I6I9609E*03 
— 62417298*03 
— 56686648*03 
- . 19523078*03 
— 11773008*04 
— 41010178*03 
— 11753288*04 
—5226663E*03 
— 54830668*03 
— 56902998*03 

—00149618*03 
-.07107602*03 
- . 15752 40CI04 
— 17022138*04 
—93671298*03 
—*795*4IE**3 
- . 70992908*03 
- . 1 2 2 0 I 7 0 8 * 0 4 
—8793567E**4 
—I311S72E**4 
- .16467148*03 
- . 85701078*03 
- .660S210E*0S 
• .75735298*03 
- .54145228*03 
- .13253838*04 
- .41884588*01 
- .3137054E*03 
-.I204909E*04 
-.2918600E*03 
-.6465094E*05 
- . I 2 6 9 9 8 6 E * 0 4 
- .16190348*04 
- •271 I537E*04 
- . 1 6 1 3 1 I 0 E * 0 4 
- .2500531E*04 
- .5462515E*03 
- .0637479E*03 
-*0499437E*03 
- .3017202E*03 
>.0262794E*03 
—2997 4012*03 
—8282514E*03 
- .8789777E*03 
• .11061298*03 
- .8750272E*03 
- . I 777707E*03 
- . I 2 6 4 1 4 7 E * 0 4 
- .1590061E*04 
• . U 4 S 6 3 4 E * 0 4 
- . I 6 5 3 2 6 8 e * 0 4 
- .13214298*04 
- .1349083E*04 
- .21727548*03 
- .8315721E*03 
- .75651348*03 
- .26030768*03 
- .1563817E*04 
- .54427958*03 
- .15618468*04 
- .6922864E*03 
- .72976048*03 
—755t0ORE*03 

- .10077058*04 
- .10073678*04 
- .10272128*04 
—19600738*04 
- .10964478*04 
- .10175668*04 
- .01039138*03 
- .14146698*04 
—315069CE*C4 
- .16071938*04 
- .19443198*03 
- .99391698*03 
- .67104158*05 
- .32592068*03 
- .63073378*03 
• •15317238*04 
- .41004508*01 
- .36330628*03 
- .14139438*04 
- .33524468*03 
- . 646S0**4E*05 
— 14029 6 4 ^ 0 4 
- . 1863S66E*04 
- .30448108*04 
- . 18576498*04 
- . 2 8 0 0 ) 6 6 8 * 0 4 
- .63302078*03 
- .99981708*03 
- .9840416E*03 
- .34904B0E*03 
- .96037728*03 
- .3490400E*03 
- .9702374E*03 
- . 102 I194E*04 
• .16591948*03 
- . I 017243E*04 
- .20147358*03 
- .14774728*04 
- . I 864610E*04 
* .9540364E*03 
- .18646188*04 
- . I 619689E*04 
- .16275908*84 
- .2520295E*03 
- .97378878*03 
—0750272E+03 
— 3M672SE+03 
—1810209E*04 
- .6310407E*03 
- .18182098*04 
- .0007643E*03 
—844I355E*03 
- . 8757 I27E*03 

108461484 

19730668*04 
01147168*04 
11911048*04 
10944758*04 
0 7 5 5 * * I E * * 3 
16407728*04 
31702948*04 
10551458*04 
20830548*03 
10678178*04 
67244088*05 
23944058*04 
67622978*03 
16744928*04 
62025358*01 
30930038*03 
15460698*04 
35102008*03 
64640968*05 
15933908*04 
19759718*04 
32006008*04 
20016002*04 
29442368*04 
67837738*03 
10747558*04 
10589798*04 
37460511*03 
10313708*04 
3786292E*03 
1064094E*04 
I090220E*04 
430S0I2E*03 
1092302E4 04 
2034407E*03 
17362278*04 
21174478*04 
90160968*03 
22063338*04 
10527668*04 
19021478*04 
26063132*03 
10646498*04 
93023461'03 
32735651*03 
19542798*04 
67443338*W 
19621678*04 
85590958*03 
90332538*03 
9308272E*O3 

\ 
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- .3488I79E—4 ĝBjBBk - .34778108*04 - . 3 4 9 8 * f 9 C * * 4 

• • . 4944314EM4 8J^^8J* - . 58884011*04 - • S I I 4 S 4 I E M 4 
1 •.743SSI8E^84 ^ • M T — 781*3271*04 — 7 f S » M I E « f 4 «z 
L 



i'<i""«-'"w'" i "im'~***^™****mrmimmmmmmmm*m*mm 

mmw^m^^^^ ' Mil "' ' i ' f 'fin f t ' i ' i l l iH ' i^ i in > l l t o n m i i t i H L i _ 2 

00 



T«M* 8 . 1 . (coat It a 

Cftwiel 

30230 

S t n l a 

30800 

(MlnV 
Bo. 

2 » 5 0 30510 30280 30670 30230 

S t n l a 

30800 

6 5 - . I I 5 S 8 S 6 E * 8 S - . I 1 7 1 9 7 6 E * 0 5 - . 1 ! 9 2 8 9 8 £ * 8 « - . 1 4 5 8 8 3 1 E * 8 5 - . 1 4 4 « 5 7 S C * 8 S - . 1257562E*8S - . 1 
9 * - . U 7 2 I 7 6 E * 8 5 - . 1 I 9 3 8 3 9 E * 8 5 - . 1 2 0 9 2 3 6 E * 8 S - . 1 4 3 7 S 7 3 C * 8 S - . 1 4 3 4 8 I 8 E + 8 S - . 1 2 6 5 7 2 B E + 8 5 - . 1 
3S - . 1 8 6 1 9 2 8 E * S 5 - . I 9 1 7 4 8 3 E « 8 5 — I S 4 3 9 4 7 E * 8 S - . 2 1 6 9 8 4 5 E * 8 5 - . 2 I 1 9 8 6 I E + 8 5 - . 2 1 * 6 1 8 S E * 8 S - . ! 
37 > .231S348E*85 - . 2 3 5 6 9 7 5 E * 8 5 - . 2 3 9 7 2 9 7 E * 8 S - . 2 9 I 6 5 4 1 E * 8 5 - . 2 9 I 6 9 3 7 E + 8 5 > . 2 5 2 8 4 8 6 E * 8 5 - . ! 
48 - . i a 8 6 l » I E * 8 5 - . 1 5 9 9 5 1 I E * 8 5 - . I 6 1 3 S 1 3 E * 8 5 - . 2 t 9 I S t 4 E * 8 5 - . 2 3 7 8 4 1 5 E * 8 S - . 1683717E*SS - . 1 
49 - . 1 7 3 5 7 7 S E « 8 5 - . I 7 5 2 9 3 5 C + 0 S - . 1 7 7 5 4 I 4 E * 8 5 - . 2 $ 6 6 S 9 3 E * 8 S - . 2 8 8 3 8 1 2 £ * 8 5 - . I 8 7 2 8 4 5 E * 8 5 - . 1 
57 - . 6 6 4 1 7 8 7 E«84 - . 6 7 4 6 3 8 5 1 * 8 4 - . 4 8 4 4 9 9 6 E * 8 4 - . 1 8 8 8 4 9 S E * 8 S - . 1 8 6 8 8 2 1 E * 8 5 - . 7 3 2 4 1 f 9 E * 8 4 - . 1 
2 4 - . 1 1 8 0 5 7 6 E « 8 5 - . : * > I 9 8 6 « E * 8 5 - . 1 2 5 2 5 2 5 E * 8 5 - . 1 6 3 6 6 3 2 E * 8 5 - . 17727 I9E+8S 
2 5 - . 3 3 3 3 6 3 I E * 8 3 - . 14187 68E*84 - . 3 8 4 9 S 1 8 E * 8 3 - . 8 8 6 8 5 8 1 E * 8 3 - . 4 5 8 3 5 3 8 € * 8 3 
2 6 - . 1 6 1 5 1 I 8 E * 8 5 - . I 6 5 S 8 6 8 E * 8 5 - . 2 2 8 4 9 4 7 E * 8 S 
27 • . 4 3 4 5 3 I 9 E * 8 3 * . 4 6 8 2 9 8 7 E * 8 3 * . 7 9 5 5 8 3 4 E * 8 3 
2 * - . I I 3 4 5 3 6 E * 8 5 - . 1 1 5 2 5 1 6 E * 8 S - . 1398749E*8S 
2 9 - . 8 1 6 5 2 1 2 E * 8 5 - . 8 1 9 4 2 7 3 E + 8 5 - . 8 5 8 7 2 4 5 E * 8 S 
3 8 * . S S 4 4 4 5 2 E * 8 4 * . 5 S 4 6 8 8 6 E * 8 4 • . 8 8 9 6 2 4 1 E A 
31 - . 4 7 8 8 3 8 9 1 * 8 4 - . 4 7 9 5 2 1 7 E*84 
3 2 - . 2 6 9 1 5 1 I E * 8 S > . 2 7 2 2 2 9 5 E * 8 5 
33 * . I 8 7 4 1 9 5 E * 8 I - . 4 I 8 8 4 5 8 E * 8 1 
38 - . 6 7 3 7 3 5 7 E*83 - . 6 8 8 7 6 7 4 E * 8 3 
5 * - . 2 I 1 5 5 9 I E * 8 5 - . 2 1 2 4 8 7 8 E * 8 5 

. - . 7 5 8 7 5 8 7 £ » 8 4 - . 7 6 4 3 S 7 7 E * 8 4 
^ w r - . 6 4 6 4 8 9 6 E * S S - . 6 4 6 5 8 9 4 E * 8 5 
56 - . 5 4 3 2 9 3 5 E * 8 4 - . 5 5 0 9 8 4 4 E * 8 4 
58 - . 2 3 7 7 6 7 3 E * 8 5 - . 2 4 2 8 6 6 3 E * 8 5 
59 - . 2 5 5 4 1 6 9 E * 8 S - . 2 5 8 8 7 9 2 E * 8 5 
68 - . 2 3 7 6 8 9 S E * 8 S - . 2 4 1 5 3 3 9 E * 8 5 
81 > . 2 8 8 1 9 2 8 E * 8 5 - . 2 9 1 3 6 7 8 E * 8 5 
82 - . 2 3 2 5 8 2 8 E * 8 4 - . 2 3 4 8 6 6 4 E * 8 4 
63 - . 1 2 3 8 9 3 9 E * 8 5 - . 1 2 4 7 3 8 7 E * 8 5 
• 6 - . 8 I 3 6 5 8 4 E * 8 4 - . 8 2 6 4 7 A 6 £ * 8 4 
67 - . 1 4 8 6 8 5 5 E * 8 4 > . I 4 3 3 6 6 3 E * 8 4 
68 - . 7 8 9 3 3 8 1 E * 8 4 - . 7 2 2 3 5 3 S E * 8 4 
78 * . 9 5 6 4 3 3 2 E * 8 3 * . 9 7 4 1 8 I 4 E * 8 3 
71 - . 1 2 8 8 8 6 3 E * 8 S - . I 2 2 8 6 8 5 E * 8 5 
72 - . 1 1 8 2 3 7 6 E * 8 5 - . | I 2 3 3 1 3 E * 8 S 
73 - . I 2 0 3 9 8 3 E * 8 5 - . 1 2 2 1 8 7 7 * * 8 5 
74 - . I 2 8 1 S 3 3 E * 8 5 - . 1 2 2 1 8 7 7 * 8 5 
75 • . 5 2 5 8 1 6 3 E * 8 4 • . 5 3 3 3 1 2 3 V 8 4 
77 - . I 3 6 7 2 5 4 C * 8 5 - . I 4 8 2 4 I 4 E » 8 5 
78 - . I 5 2 5 2 7 3 E * 8 S - . 1 5 6 3 9 8 7 E * 8 5 
y / • . 4 7 0 2 7 7 7 £ * 8 4 * . 4 8 * 4 9 9 3 E * 8 4 
97 - . 3 6 5 7 3 3 7 £ * 8 5 - . 3 * 8 9 9 2 8 E * 8 5 
9 8 - . 1 5 5 9 6 4 2 E * 8 5 - . 1 6 8 8 3 3 2 E * 8 5 
99 - . 1 5 4 5 6 I 8 E * 9 5 - . I 5 8 5 I 2 2 E * 8 5 

t f l « . 2 8 1 8 6 5 4 C * 8 4 - . 2 8 5 4 2 8 8 1 * 8 4 
182 - . I I 3 7 7 3 3 E * 0 S - . 1 I S 7 8 9 8 C * 8 S 
183 - . 9 8 1 8 9 8 3 1 * 8 4 - . 9 1 7 4 9 4 7 1 * 8 4 A 184 » . 1 1 * 3 4 9 6 1 * 8 4 • . 1 1 9 4 8 8 1 1 * 8 4 • 
185 - . 2 3 2 8 3 7 2 C * 8 5 - . 2 3 7 2 6 8 7 E * 8 5 • 
186 - . 2 7 8 3 * 4 9 E * 8 4 - . 2 7 4 8 9 4 7 E « 8 4 • 
187 - . t 3 * 3 * 9 9 C * 8 S - . 2 3 6 4 1 I 9 E * 8 5 V 188 - . 3 « 2 7 I 8 7 C * 0 4 - . 3 7 I 1 7 7 5 C * 8 4 
189 • . S e 9 7 6 « 7 £ * # 4 • . 5 4 3 I 4 4 8 E * 8 4 
'•18 - . 8 8 5 8 9 2 4 C * S 4 - . 8 2 1 6 l 5 9 t * * J 4 



r r > - - . - ^ ^ . ^ ^ i a ^ ' g ^ 3 ' « - ' l i M M » W l W I » ^ ^ 

=3 
•5 - . \ k 
•5 - . A 
• « - . a t 
* s - a t 

••4 - . i n 

BLANK PAGE 



Scoatlwe4) 

150 

(lilaVla.) at prcsmr* (pal) 
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.8349S63E**4 
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Table B-l. (conciaac4) 

Strain fitin./In.) at presa 

310»0 31080 31000 31010 30100 2990 

6 5 - . I 4 I 3 7 4 6 C * 0 5 - .1434847E*0S - .1441749E*05 . .1440256E+85 - .144608TE*05 -.144511 
9 0 - . 140537 6E*05 - .14346 I0E+05 -.1433425E+05 - . 1 4 3 2 2 
3 5 - . 2 3 7 6754E*05 - .2246671E*05 - .2997041E*05 -.282541 
3 7 - . 2 8 3 7 7 8 * 0 0 5 -.29040S5E^85 - .29 I7334E*0S - . 2 9 1 7 3 
4 0 - .1923051E*0S - .2077925E^05 -.2496783E+05 - . 2 5 8 5 7 
49 >.2168441E^85 - .238 I222E»05 - .2081329E^85 - . 2 9 9 1 5 
5 7 -.873606CE«04 - .9530807C+04 -.107S346E«05 - . 1 8 0 9 3 
2 4 - . I 8 I 3 1 8 8 E + 0 5 -.187081 
2 5 - .3373422E+03 • . 1 3 4 7 * 
2 6 - .23O9I49E*05 - . 2 3 4 4 3 
2 7 • .7955034E*83 • .799421 
2 4 >.1390I53E«05 - . 1 3 9 7 8 
2 9 -.8587642E+0S - . 0 5 0 7 5 
3 0 - .4791862E+03 - . 9 0 6 7 6 
3 1 -.S883S23E+04 -.587511 
3 2 - .6542923E+0S - . 6 5 4 2 5 
3 3 - .1234343E+02 -.164281 
3 0 - .9429135E^03 -.93118< 
5 0 - .6606094E*05 - . 6 6 0 6 0 
S I - .3778404E»04 - .21889! 
53 - .6465094E*«5 - . 6 4 6 5 8 
5 * - .6730529E*04 - . 6 7 2 4 6 
58 - .2844057E^0S - . 27908 
59 - .2783911E*05 - . 2 7 4 3 0 
Aft - .32 I2826E+05 -.324951 
61 - , 3596 I89E*05 - . 3 6 2 6 3 
62 - .2896«C7E*04 - . 2 8 8 7 * 
6 3 - . 1 4 7 3893E»0S -.147291 
66 - .1004S5IE»05 - .10033) 
67 - . !703831E*04 - .169001 
68 - .8933283E»04 - .89214 ' 
7 0 • .1222656E>04 ». 12266) 
7 1 -.1326977E*W5 - .13165) 
74t - . 1408734E»05 - .14085; 
7 3 - , M 5 1 7 9 5 E * 0 5 - .14482: 
74 - .1485 I76E«05 - .14633 ' 
75 • .4096628E»04 • .389911 
77 - . I 902344E*05 -.195131 
78 - .2094535E*05 - . 2 1 3 3 0 
79 - .6607M6E»f '5 - . 6 6 0 7 1 
• 7 - . 4 4 I 1 6 7 7E+03 - . 4 4 3 0 2 
9 0 * - .2212653E«05 - . 2 2 6 7 5 
9 9 1 - .2202S79E»05 - .22628) 

101 • - .3140518!>04 - .31346* 
102 1 - . I 295158E*05 - . 1 2 8 6 0 
103 f - . I 432635E*05 -.145081 
104 • . 102010 l£»04 • . 1 8 5 9 4 
105 - .307I235C+05 -.30895< 
106 - .3640250E«04 - . 3 6 5 5 9 
107 - .2930629E^0S - .29339* 
100 - .7412000E*04 - . 7 5 0 6 2 
109 - .1005097E*05 - • 1 8 1 7 * 
1 1 0 - . I 3S0640E*05 - • 1 3 6 7 3 

k 



r 
t) at pressure (psi) 

29900 29770 30120 S80 0 

: - .144S102E*05 
• 

- . 1445298E*05 -.14518b6E+0S - . 9828789E+04 - .9829172E«04 
r - . 1 4 3 2 2 4 0 O 0 5 - .1431737E*€5 •.673S724E+05 • .6479951E*05 
; -.2025493E+0S -.1998645E+8b -.461134SE+05 - .2796437 E*05 
: -.2917J45E+0S -.2917334E+05 -.26S8237E«05 -.2704618E+05 

- .2585722E*95 - .2630290E*05 - .643S684E*05 - .643670SE*05 
- .2991565E«05 - .30S4078E*05 - .637»4 I0E«05 - .6371431E«05 
- . 1089348E*05 - .1094278£*05 - .6439036E+05 - .6440058E+05 
- .1870207E*05 - . I901S63E*05 • .6448524E+05 • .6452377E*05 
• . 1347649E*03 « .162571IE*63 • .3323438E+04 • .3291593E»04 
-.2344319E»05 -.2365489E+05 • . 6389988E»05 • .6393840E+05 
• .7994225E*03 - .6494950E+05 - . 64976 I6E*05 
- .1397070E*0S -.9279172E+04 - .9280I95E+04 
- . 8 5 8 7 5 U E * 0 S -.8590)169E«05 -.8S92012E+05 
- . 9 0 6 7 680£»04 - .702S3!2E*04 - .4728310E»04 
-.SS75126E*04 - .5916681E+04 - .S94618*E*04 
-.6542515E+05 - .6537215E*05 - .6539881E*05 
- .1642039E*02 - .7428098E+05 -.7566980E+05 
-.9311066E+03 -.6743103E+05 - ,6745849E*85 
-.6606P94E+05 - .6604884E*C* -.660S90SE*0S 
- .2188950E*44 - .6549076E««5 - .655009 7 EH»5 
-.646S094E*05 - .6463884E*05 -.646490SE+05 
>.67246I2E*04 - .6467839E*05 - .6468061E*05 
-.279C3I3E+0S -.6432726E+05 - .6433747 E*05 
>.2743089E-»05 - .2613442E+05 - .258I739E+0S 
-•3249506E*05 - . 4 9 7 6273E+05 -.486S490E»05 
•.3626360E«85 - .4762541E*05 - .4758601E*05 
•.2887048E+04 - .650«564E*05 - .650IS8SE»05 
- .1472907E*05 - .6S I4368E*05 - . 65 .5389E*05 
-.1003367E+05 -.6S14171E+05 - .65 I5192E*05 
- .1690027E»04 - .6473941E*05 - .6474963E+05 
- .8921451E*04 - .65IS354E+05 --6516375E»Bb 
* .122»601E*04 - .65I8S09E+05 - . * S I 9 5 3 I E » 0 5 
- .1316525E*05 - .6531327E*05 - .6532348E*»5 
-.1408537E+0S -.6665839E+05 -.6408645E+05 
- . I448239E+05 -.6768946E+05 - .65117 52E+U5 
- . I483398E+05 - . I042760E+05 -.10S8979E+05 
».3899105E*04 +.6665604E+05 *.64098O0£*0S 
- . I 9 5 I 3 3 0 E * 0 5 * .6699 I83E*05 * .6443409E*05 
- . 2 1 3 3 & 5 I E * 0 S * . 6732 I69E*05 *.647639SE«62> 
- .6 f07146E«05 - .6864152E*05 - .6606958E*05 

, - .4430245E«05 ^ ^ ^ *.6620963E«05 ».6365l90E+05 
-•2267565£*0S ^ ^ i ^ k - . 6747416E*05 - .6490222E*05 
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iô aê eto&L'-

W » ^ » « < O f • 

noa*«ooi'.'-

W489UXOI'-
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8 ,000 

12,000 
16,000 
20 ,000 
21 ,000 
81.500 
22 ,000 
88 .500 
23.000 

23 ,500 

24 ,000 

84 ,500 

25 .000 

25 ,500 

26 ,000 

26 ,500 

?7 ,000 

87,50O 
27,500 
87 ,500 

27 ,500 
27,900 
27 ,600 
27 ,900 
27 ,800 
27 ,900 
88,250 
27 ,900 
28,250 
88 ,100 
28 ,250 
28 ,200 
28 .500 
88 ,300 
28,500 
88 ,400 
28.750 
88 ,500 
28.750 
88,600 
28,750 

0 
630 

1,850 
1,850 
8 ,460 
3,160 
3 .420 
3,;TO 
3,760 
3,960 
4,210 

(4 ,360 ) 
4 ,46o 

(4 ,620) 
4 ,«10 

(4 ,970 ) 
, 5 , 1 5 0 
(5 ,350) 

5 ,550 
(5 ,830) 

6 ,240 
(6 ,630) 

6 .960 
(7 ,510) 

i*. 310 
(9..J10) 
12.100 

(13 ,100) 
I6, l i90 
17,730 
17,850 

( iS.lliO) 
18,260 
21 ,130 
21,610 
21,740 
21,860 
81 ,950 
23,890 
24,690 
24,890 
2^,280 
2 5 , i a o 
85,500 
25.630 
26,080 
26,200 
a6,44o 
26.750 
27.400 
27,6£o 
28,320 
28,1170 

0 0 0 0 0 
470 450 490 160 850 
910 •2° 940 850 490 

1,330 1,880 1,370 
1,800 

450 780 
1,740 1,660 

1,370 
1,800 640 9>0 

8 ,160 2,110 2,260 840 1.190 
8 ,310 
8 .390 

2 ,840 
8,310 

8 ,400 
8,490 £ {'22 1,800 

2 ,460 8 ,390 *'?5° ! * 1,310 
8 ,540 8.470 8 ,680 890 1.350 
2 ,630 2 ,550 2 ,780 870 1,400 

2 ,740 2 ,620 2 ,890 860 1,440 

2 ,870 2 ,780 3,030 880 1,500 

8 .980 8 ,810 3.160 780 1,360 

3,140 2,930 3,340 740 1,640 

3.400 3.140 3,660 640 1,620 
(2 ,070) 

3,720 3 390 4 ,030 450 2,580 
(8 .980) 

4 .430 3.920 4 ,810 160 4,570 
(3 ,790) 
10,050 5 .310 4.620 5,750 260 

4,570 
(3 ,790) 
10,050 

(350) (10 ,760) 
6 ,750 5 ,790 7 ,250 770 13,470 
7.120 6 ,060 7,550 910 14,180 
7 ,380 6 ,880 7,830 1,000 

( 1 . U 0 ) 
14,880 

(14,470) 
14,550 

W.390 8 ,890 10,770 1.C90 16,2?0 
10,690 9 ,150 11,030 1.750 *$'V° 10,890 9 ,350 11,200 1.850 16,850 

16,940 
17,000 

13,760 12,160 13,750 8,830 17,900 
18,380 

14,320 12,670 14,230 8 ,380 18,490 
18,590 

14,o20 12,950 14.49C 2,360 18,680 
18,650 
18,700 14,830 13,150 14.690 2,380 

18,680 
18,650 
18,700 
18,750 

15,210 13.490 15.020 2,400 18,790 
18,850 
18,970 15.800 14.06O 1%580 2,380 

18,790 
18,850 
18,970 
19,190 

16.440 14,620 9,740 2 .370 19,340 
19.750 

17,120 15,180 9 ,470 2 .380 19,870 

0 0 
830 540 

£° l.OTO 
660 1.590 
880 8 ,140 

1,090 8 ,790 
1 ,130 
1,180 

3 .040 
3.180 

1,810 3.360 

1,880 
3.570 

1.380 3.9TO 
(4 ,110) 

l#3o0 4,?00 
(4 ,4*0) 

1,410 4,600 

1,460 
(4 ,750) 

4 ,980 
(5 ,180) 

1,530 5 .610 
(5 ,890) 

1,610 6 ,270 
(6,670) 

1,780 7,580 
(8 ,190) 

4 ,000 11,100 
(4 ,890 ) (11 ,820) 

7 .150 14,850 
7 ,530 15,730 
7,680 1?,850 

(16 ,040) 
16,140 

8,360 18,510 
18,830 8,410 
18,510 
18,830 

8,460 18,960 
19.050 
19,130 

8 ,550 81,060 
81,560 

8 ,620 81,760 

8,650 
88,090 
28,180 
88 ,890 

8 ,680 88 ,430 
88,760 

8,710 88 .930 
83,180 

8 ,750 85,450 
84,000 

8 ,930 84,310 
84,826 

9 ,080 84,970 
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Pressure 
\9**t 104 106 

2 9 . 7 0 0 33.960 
30.000 3 9 . 1 * 25 .050 
29 ,600 3V»7d0 
30,000 yj,w 25,520 
29 ,900 40..J60 
30,000 4Q.5QO 25.900 
29 ,800 41 , f*> 26 ,850 
30,000 41.140 26 ,300 
30 ,250 41,310 26,1*30 
30,200 41,690 
3O.500 41/,-50 86 ,840 
30,100 43,290 
30,500 43 ,470 27,660 
30,400 44 ,050 
30,750 44 ,600 28 ,500 
30,200 45,9«> 29,170 
30,750 46 ,850 29,«»90 
30 ,500 47 ,190 
30,750 47 ,270 30.0B0 
30,600 47 ,770 
31,000 48 ,400 30,960 
30,500 49,700 
31,000 50 ,000 31,740 
30,750 50 .750 
51 ,000 51 ,020 32,3*0 
30,800 51,aw 52,700 
31 .250 52 .520 33,2W> 
30.850 53 .790 33.760 
31,250 54 ,170 54,100 
31,000 55 .020 
31,500 56 ,800 35,630 
31,000 5B.050 36,120 
31.500 58 ,450 36,450 
31,250 59 .230 36,850 
31 .750 60 ,470 37.650 
31.250 61,71*0 3B ,060 
31,750 62 ,310 38,570 
31,400 6 3 , 3 0 0 38,950 
31,600 7O,l60 43,500 
31,900 70 ,390 

Tsble I . e . (continued) 

Strain ( u i n . / i n . ) s t gage No. 

107 106 109 

22,040 270 

22,450 30 

82,760 280 
23,080 540 
23,140 560 
23,26o 670 

23,610 1,220 
2,070 

24,370 ?.230 

25,080 3,330 
25,660 4 ,090 
25.940 4,480 

5 ,000 
26,4-iO 5 ,320 

57.880 7,550 

27,970 8 ,840 

28,510 10,130 
28,880 10,800 
29 ,350 12 ,900 
29,710 14,110 

144,530 15.450 

18,940 
19,040 
19,210 
19,440 
20,270 
20,220 
20,190 
20,100 
17,000 

110 111 118 

26,fcl0 5 4 , ^ 0 
26,750 12.150 34,640 
27,120 35,180 
27,200 18,370 35.880 
27.450 35.630 
27,550 18,530 35,790 
27,890 18,680 36,8?0 
27 ,930 12,780 36.350 
28,010 12,790 36,580 
28,190 36,*8o 
28,370 12,990 37.270 
29,360 38 ,4 /0 
29,460 13,410 38, TOO 
29,320 39,230 
30,210 13,«30 40,030 
31,220 14,090 41,110 
>1.380 14,840 41,520 
31,790 42 ,850 
31,880 14,480 42,450 
32,160 48 ,900 
32,640 14,930 44,030 
33,470 44,880 
33.690 15,880 45,360 
34,150 46,000 
34,350 15,550 46,440 
34,860 15,680 47.14C 
35,170 16,050 48 ,160 
36,340 16,860 4y,lbO 
36,570 16,500 49 ,640 
37,080 50 ,390 
38,430 17,870 52 ,600 
39,400 17,500 53 ,480 
39,630 17,670 5 3 , <»50 
40 ,020 17,880 54 ,530 
41,500 18,100 56 ,820 
42,050 18,440 57 .100 
42,840 18,690 57 ,940 
43 ,340 18,980 58 ,680 
50,520 81,380 

81,240 
65 ,780 

T 
i 
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DEttKMMATION OF STRESS AND SRAM ROUS FOB AN 
INTEltNAU.YPUSSUUZEI>ELAST1C4lJiSnC 

TMCK-WALLED HOLLOW CYUNDER USMG 
A TRMJNEAK STRESSS1RAM CURVE 

The doard-form solution for the elastic-plastic stress mi strain fieMs • a loaf, dostd-ead cyhmfcr 
loaded by iattnul pressure has been exieaded HI jachnlc material with a triune ar stress-strata cart*. The 
somboa for a bamear material was nmenled by H i d . ' aad the geometry of the problem is described ia 
Fie, C.I. The foaowiag features are bait iato the problem. 

I. The cytiaaer u assumed to be "tow*- •» «•« »«aae that all quantities F air mumrd iadcprmV at of »; 

•F «C.1> 

The results obtained a** therefore restricted lo the ceafral section of the cylinder suflkieRtly distant from 
the cads. 

2. Thr problem is comphttly axisymmetric. both m terms of geometry and applied load. No 
circumferential displacement and no 5 dependence in any quantities are admitted, so 

.... £... (C.2) 

3. The condition of "dosed ends" is used, so that both the axial stress aad the axial strain are nonzero 
at every point. 

OMVI-OMG7V331 

f , t t I f 

' / 1 * 1 t * 

;nz 
» 

,c i . Miami m 
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1 0 

with me hardening parameter describe** hy 

* * Y . i * M, «tT - Y.,/fc>« Y „ ( I • , . €»>. |C.4> 

- 1 — M . "»** —'1 T r - | f - *• 1- ^ - . 1 r^ttir tirfrriTtr Trirh Hnnr linw hadrnmi Trim nV hadinmi 
parameter described by 

K > Y „ * | | , ( e T - Y M / E ) * Y „ U • < , € » > . IC3) 

wlwfiY N* ** ML. 
Conventional presswe vessel sleet is wcN represented by this tramear model, la me HSST program 

iateraKdnte vessel tests, t^tiadrical stecf vessels wHh surface flaws HOC nieamrieid to rupture. This 
analysis affords a means of prtdkong nemani surface straw in the ceMial regioa of m* mart, at | 
remote from the test flaws. These strains are used for predk-tiag fractwr m the eJamK-abjstie map 

The solution aho fmds aae as a standard with which to assess me operation of a mamNesemei 
sowing an ctastk-ptasac problem with slram hararaiag, As a test problem, the pre amazed cynader is 
conveaknt to moid with finite dements and has wfficieni complexity to bring mto roars much of the 
wurkmgi of (he coot in question. 

of the 

As the internal pressure is increased from zero, the cylinder responds in five stages, as represented m 
Fig. C.3. Note thai it has been assumed that the elasik zone wW diiapprjr before the made wal enters 
region C. A necessary and sufficient condition for this to occur is that 

•M' Ol -»» P) *» 

The equations governing the problem are the following. 

do 0 — Q 
fusing axisymmetry): -—*— '-• %CJ) 

or r 

Axial (neglecting weight): J • f2irrdr«pira a . (C.8) 

du 





H7 

« . = - IC.IO) 

ifaftTafr-dpftja* 

<iadependraiofr>. IC. I I ) 

This S a condition le.ned "generalized | 
In addition, in d * aoaes indkaled. die lononrmg rcbtiwndapi bold. 

Ai all puinn in reman A, Hootee's law: 

«,= - • • , »• , - P P , ! . 

«•" £ * - " • ! • • • - " " a * . ( C ! 2 > 

m e cmmdMn* idMiaas 

Ai all points in regions B or C, the yield condition n satisfied; dnt is, die yield function equals die 

f - K . IC.I3I 

Equations<.C.4) andIC.5) arc generalized to das iriaxid problem as 

I poinis in region B 
„ IC.I4I 

points m region C 
{ V.,| I • i l ,«Jl ;aN 

It can be proved from incremental dieory that Uns is Ike only nmerakzatwn consistent widi die Tresca 
yidd condition. So from Eq. f C. 13). 

' ' J Y # , | l*s,eJ>; aipoMlsmregwnC' 

Tne flow rale retain plank strain increments to f by 

i f 
* ' * » — . fC.lel 



df r • X — « O 

( i t M i efo t :s» 

« * » 0 . «C.I7» 

n a j m d H l j r . From Eg. tC.ln). 

|C.I*» 

* j - x ^ . ; IC.I9) 

Integrating Eat. <C .17% <C.1 »*, and (C.19»r the dilatation for snufl strain b 

ff •ej*«j;«0, I C » » 

with the ptqrskal interpretation that 
r*i hnr. c ( and the elastic 

> of the cylinder. Therefore. 

accompanies irtaiHr strain, 
of €f and c # are still related to sti«r» by Houkc's law m aB 

« * " r , a r - * • # ' • / > ' 

I 
<• •£<- ' • , • • • " V <C2I | 

e t * £ < " • , ' % • • « > 

• r * r « a ) « - p , 

• r ( r « b » » 0 . 

<C.22> 

IC.2J, 

In stag* II at r > c and in stage IV at r * R, aH 
across the internal boundaries. 

components of strew, strain, and dnpfaccmeni arc 
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Rcsrfb 

Details it> the MPIUIHHI procedure and closed-form expressions to- u r . o , . « , . «,. «„. and «, a» functions 
<>• i lor the live stages ot the problem will be presented in a future report. 

A FORTRAN IV program has be-n written to evaluate and plot these functions. IA listing ot' the 
program is attached to this apt*- ndix »%Uterial behavior is described by inputting the six constants r. t . 
M , . M ; . Y 0 1 . and t ' Isee Fig. i. .It that are required lur the analysis. The program has been run on the IBM 
3AO.lH lor a large range ol' pressures. Values I«M the material constant' were easily obtained from 
stress-strain curses from uniaxial tension tests2 performed on specimens taken 'rom the prolongation ol' 
intermediate vessel V-1 . 

(jraphs ol' stresses and strains corresponding to a pressure in stage I I are presented ir. Fig.C.4 and Fig. 
('.5. respectively. Note t'rom the a t curve that the boundary conditions ot fcqs. lC'.22iand(C'.23iare met. 
An interesting feature is that o„ reaches a maximum at r = c. 

The quantities that are measured by strain gages in these intermediate vessel tests are t , and t„ at the 
inside and outside wails (i.e.. at r = a and r = b respectively I. For all values ol" p and r. • t is I.Hind to be 

(1 » 
H M l> P K M , 

The computed curve ot circumferential strain at the outside wall. (Itb. vs pressure, p. is sketched in Fig. 
C.tv The curve is linear lor all values ol pressure corresponding to stages I. I I I . and V and nonlinear in stages 
II and IV. This nonlineaniy is a consequence ol' the internal boundary present in stages II and IV(see Fig. 
(..?•. 

I.xpressions lor p u . pj,. p c and P j . and t r t b . the circumferential strain at the outside wall at these 
pressures, follow. Much ol the curve in Fig. ('.*» can be constructed from them. 

P, ( I J bh. (C.:5a» 

" k 'F 
ic.:5b> 

p. 
= V . , l - A n K ; i + Y 0 1n 1«b»a» I ! t p f Y 0 1 l l P ' I 

2b 1 a* * . 
K.:5cl 

Pj = V ? . 2 , " H n b : j « u , | b » ? j » IKJ,2| I f . 'Sd, 

At pressure Pj. 

•<»h 
II i> :iYnij* tf 

( ( . > » ! 
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OMKt ONb n 1?» 

STAGE I 

l l « ) («« ) ['» ) I'M ) 

f% C * . C I H W H U J >n i l l w U K W f c w i M swiw M * » 

At pressure p^ 

f ' b = Ib ' /a * I 
, = «,' - > W f » i [fab/at^'"' 1 1 " > > ( b 2 / a > l ^ Y ' " ( l " 2 ) *. f c . . . . . . ^ |«„b/3 - j* t ic.:t*> 

At pressure p c 

HI 
e"»3 m 

1 ^ ^ l o - u , J " >*«,,», l(b*/a' m * * ) HOK. l 
7? I»K. *" b * 1 2fcbW~" " J 

* K. " " 
(C.2tK) 

At pressure p d . 

+ Q . (C.26d> 
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where 

K . - r ^ Y . , ? , ! ! r » | , <C.27» 

Comparison wiii be nude with vessel V-l lest data, since material constants can be furnished for the 
prolongation of this vessel. The comparison is complicated by the fact thai the properiies of the vessel are 
no> uniform. As a result of the quenching process, the sled near the walls of the vessel has a significantly 
higher yield stress than the center material. Figure C.7 shows a successful match. 

1. D R . Bland. "Uasiopnstic Thick-Walled Tubes of Work-Hardening Material Subject 10 Internal and 
External Pressures and to Temperature Gradients."/ Meek. Iftrs. SotiJs 4. 209 2911955 5fc>. 

2. R. W. Derby el d„ Test i>f ft-lmh-Thkk Pressure Vessels. Series I: Imtrmedmie Tea Vessels V-l and 
V-2. ORNL4S95. Tables D-1 and D-4«February 1974). 
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E n SL6EE OE AECION I OE STRESS-STRAD) CWRVC 1TO 
EM* SLOPE OE RSCION C OE STRESS-STRAIN CURVE 100 
EESA AK.AL STRAIN IDS 
EESR MOIAL STR4IK 200 
SEST NODE STRAIN 210 
EESSE THE ELASTIC STAC IN AT MHICM RECIOA 0 EROS M O RECOM C 220 

OEM MS ON IKE STRESS-STRAIN O W E 230 
EESST THE TOTAL STRAIN AT NNTCM RECION 0 ENDS M O RESIOM C 240 

4ECIRS ON THE STRESS-STRAIN CURVE 290 
ETAI MATERIAL CCEEEICIEHT AEEEMINC IN RECION 0 STRAIN- 240 

MAROENINC EXEDESSIOM 210 
ETA2 MATERIAL CCEEEICIENT AEEE4RMC IN RECIOM C STRAIN- 200 

HARDEN IMC EXPRESSION 2 * 0 
NEINT1 MHMOER OE ECUALLT-SEACEO iNTERVAiS CE EDESSORE IN 100 

STACE I . RARCINC EROM 2ER0 TO EA 910 
NEINT2 NUROER OE ECWAL IT-SEATED INTERVALS CE EDESSURE IN S20 

STACE I I . RMCIRC EOON DA TO EO 390 
NEINTJ NUNDER OE ECUALIV-SEACED INTERVAIS CE EDESSURE IN 140 

STACE I I I . RANCH* EROM ED TO EC 190 
NE1NT4 MURDER OE COUALIY-SEACEO iNTENVAtS CE EDESSURE IN M O 

STACE I V . RARtlkS EROE EC TO EO 1T0 
NEINT9 MURDER OE SOD ESI EDESSURE INCREMENTS MOVE EO IN 100 

STACE V 100 
NOTE TMAT OuTEuT I S COTAIMD ECO THE ERESSORES THAT DOUNO EACH 400 

INTERVAL 410 
M I N T NUNKR OE EOUALIT-SEACEO INTERVAIS CE RADIUS RMCD4C 420 

ERON THE IRMER TO THE ODTFJR RADIUS CE THE CVLtNOCR 410 
OVTEtfT I S COTAIREO AT THE EN»! EOHTS OE EACH INTERVAl 440 

E INTERNAL EDESSURE 4 * 0 
EA EIRST TRANSITION ERCSSURE. SEEMATINC ST ACES I AMD I I 440 
EO SECOND TRMSITICN ERESSVRE. SEPARATING STACCS I I M O I I I 470 
EC THIRD TRANSITION ERESSVRE. SEEMATIDC STACES I I I M O I V 400 
EO FOUNT* TRMSITICR ERESSURE. SEEARAT INC STACKS IV AND V 4 * 0 
ECIS EMSSON RATIO 900 
RA RATIO OE THE RADIUS OE A SELECTED ECINT IN THE CYLINDER 910 

TO THE INSIDE RAMUS I R / A I 920 
RSA I N STACE I V . RATIO OE EtAST IC fmi -ELAST IC IN2 l INTEREACE 910 

RAOIUS 10 IRRfR RADIUS OE CTl INDEX « S / A | 140 
SICA AXIAL STRESS 990 
SICR RADIAL STRESS 9*0 
SICT «00E STRESS 910 
X AMAV THAT STORES THE RAOIAL EOSITICNS EOR WHICH OUTEUT SOD 

I S O E S I R f O 900 
V01 EIRST VICLO STRESS. AEEEAAIHC IN RECION D STRAIN- *C0 

HAAOSNINS EXPRESSION 410 
V02 SECOND VIELO STRESS. A»EEAAINC IN Rf t lCM C STRAIN- A20 

MAROENINS EXPRESSION 410 
440 
490 
4 * 0 



176 

* W 

CMOS • * • 
TCO 
? M 
»20 
f 9 0 
T M 

CMO 2 - M T E f t l A l FOCFtOUES TSO 
• E M f S . 1 0 2 0 1 fi.FOIS.Ttn.Cfll.EIV.FFSST M O 

L020 FOORftTMFIO^I TIO 
TOO 

CMO 1 - CEOXETNV 
• E M t S . I O M I OA.MINT 

M M FOMUTCFIO .D . I 5 I OtO 
• 2 0 

CMO * - FMSSOOt IMCOEFFWS 090 
• E M 4 S . 1 0 M I MIOTt .NFtNT2.NF'MT9.Mtf lT«. IB>fST» OtO 

I T I S I S ) M O 

• f t 

DIMENSION J U t f l M . T I T l F f M I 
010 

• E M INF»T «20 
9 M 

NEMtSaOOM TIT IE 0*0 
M M FCNMTI20OM TM 

M | T E I * . I « W TITLE MO 
1010 F O N T ! t N t . * • » / / / ! «TO 

• E M I S . t O M * E .FO*S .m*EF l .E«K .EFSST 000 
•OK FC*MOTI»F|O.OI MO 

M M I 9 . I 0 9 M E 4 . M I N T 1000 
M M FCMWTIF10.0.IM MIO 

•EMIS.IOMI IN*ftT|.l*INT2.ftF-MT9.MINT%.NPINTS M20 
IC*C FONWTISIM 1090 

C 1 0 M 
C DEFINE COMVEMEMT INTEORECIATE V M I M L E S M M 
C M M 

M I M M N T M MTO 
NFINI«NFINT1»1 I I 
NFfN2«NPINT2»l I f 

INT9»I I I M 
l « U » l I I 1 0 
INTS»I 1120 

F t « l . - 2 . « F M S 1 1 M 
F*» l .»FOIS I I M 
F 9 - l . - F 0 I S * « e I1SO 
l « M * 2 ' l . I I M 
V 0 2 - H E n a - E « 2 l * € F S S T * | t . - f n i / E I « V 0 l t S I 1 . -EN2/EI 11*0 
F t » ) * E M / f T M * f t . * E » l / E l t I I M 
E T f t 2 * C N 2 / l v a 2 * l l . - E R 2 / E I I I I M 
m « E # m « E T M « r > U M 
•2*E»M2«ET«2«09 12IC 
E F S S F - f t . - C M / E f « ( E F S S T H r r i / E I 1220 
EC*T0l«F9«0/k l 1 2 M 

1 2 M 
TEST TO MAE S M f THAT IN MESSWRE LOMINS FICR K M . THE OUTSIDE 1250 

OF THE CTUNOE* MILL LEAVE DESION A i a * S T I C f SEFORE THE I M O 
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SYAHE CSMXGBOimi AWflASnr WRAMJfY 

It ha> been adequately demonstrated expcinncat any, and exptamed .anatytfcaft* ' - : thai pt»*netncan> 
• nadir sprvtmens cttManane sharp crack* Amahl tractnre at auwunat 4 W » IcseK that decrex* with 
increasing crack *we. 4" tiactme precede* grass sickling, lluwesrer. no equals satBLs- lory k » B bac been 
developed SIN i k f c o M M g rf. and i«» what A I M . eetimetrac « r etfn.it should J * « N m she tuny (davit, 
range The purpose of I U B s p r a i n B M» present crrdeace atdKatnuc thai >wv et»eci> m ibe funS ptastk. 
r ?oge may be dmeh reined iu the I K V H I O M C of H J M C crack er«wtu Mute specrtk^h. n wdi be shown 
(hat such sr/e effects may be a cowrmstnee of ibe fact thai ibe tractsunal aacreasc a flan n/e due t.» ojble 
crack growth priur i» mj^uaum load tends u« mcrease wwh mcreaimg specmstu »•** n * gctuneincany 

l i hz> been found riot bulb large* and anal* surface-flawed teninV spe»m»n. can tad by tewsde 
utsiabuuy on ibe plane of the a n i it ibe material B tatnvieufly fcmjh Tbrv B most easdy wrrrned by 
nbsemnf thai necking has occurred trmiugboul ibe regain contammg ike • i x t plane However, u n i t 
utstabariy afcineBniohrsiiti-4/e effect iTstietore. if necknuj has occurred j i taaure.buiasi /eeftcctf ie.a 
variation of gross section fracture sires* with sirel r% s i * ubserred. fbe w e effect must he due to ^mse 
physical cause other than ibe final mode ul" lauure. 

A good example of si/e effects in ibe tuny plastic range was provided by ibe data obtained hy ibe 
Southwest Research Instituteonrworvm.-thtcfcby IK-ni.-wsdcunerased!*!*tensne%pecmieir>'•'-* judiw«» 
I -m.-fhick by l-m-wide wale models' -* «N~ ihese spevnfm. aH lesieU at lempeiafwes «»t JHU'f- .K shfRily 
tnfber. One specimen of each -i/e fwiennedwie lensiie speiimm _ and '4^:ale nrndet _i ^twijned a 
machmed bul unshaqtened nulch.* Tbe o inn 6-tn.-fbk-fc specimen tiwfennednie lensde spevanen M i 
onitawed a tatigiie-«lurpened much.' and tbe otbei I -n.-ibii.-fc '<peaMrn I tpKnaen Ul H-JOOKi n m u n t J a 
nnlch thai was sharpened by dec iron-beam weMnif and hydniyni chai jnf - 1 AM specimens were fabrKaied 
fnim A5.».'. grade B. ctass I tied plate. The nMrndnal jpcicimfii). and then nufcfc preparatmn prrit-edwies 
are ideirtifKd in Fn> D. I ihrtNajb D.4. 

The spevimeRs were msirumeMed with bmb strain gages and deplanemeiM enp gages J - T Tre anatysB 
dBcwued behiw B based on ibe tMcnR ilungjtiwi of the lo t seviion as meamrcd by rwn cbp gages. «nr 
mounted un each side rtf ibe speennen and each meajimg * diipUninenl btiwetii gage pnes:-. iucaied m 
the grip regmns of the specimen J T These two clip gages are gages 2 and 4 as dnmu m Fm. D 5 . Ftn 
purposes of anatysB. il w i i be ajiiwned that ihe entire dbpbcemcnl measnred by cbp gages 2 and 4 
occurred within the icM seciinn of imifurm width, the length of whtch B identrlkd by the symbol L in Fm. 

The data pertineiri to ibe jprsimeni to be anafywd arc felcd in Table D. I . The tact thai m each 
specimen necking occurred ihiunghual the region siiafammg the crack pfcme imphes that a cimdrtinn of 
lenMe instabdMy was reached on the pfcme of the crack at manmmn load. A simple model based on d m 
premne is shown m Fig. DA. where the dmhed hues represent dip Mne* etnanalmg rrom the tip of the Ifaw 
at maximum load. The mtenection pomis of these slip hnrs with the back face of the specimen define a 
distance t owr which the strain at njMhmjm load B asawned to be emnl to the nmaxral necking strain, 
which, according to the stre»-*tram tmne shown m Fig. D.7. n 10%. The a^rage strain over the lemamdcr 
of ihe gage length L » ji i imitd to be the strain cnrrapnndmg to the grow section stress, as determmed 
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Fig. D.4. Fracture wface* of 1-tn.lhick flawed fewnie specimensfmmHSST pble 01 tested at vammstemperatures: 
marhined Retches were sharpened by efeclnm-heam wilding and hydmgcti ibargmg. 

specimen The differences between the two estimates are assumed to be due In incomplete penetration of 
the prut into the Haws, which could have been caused by Ihe tip region of the flaws being either not 
sufficiently open or not completely separated at maximum load. 

The differences between the initial Haw dimension* and those estimated at maximum load, as listed in 
Tabic D.I. are assumed to be due to stable crack growth The value* given in the table imply that the flaws 
in thi* larger -.pe. wiei^ underwent .1 proportionally greater amount of stable crack growth prior In 
m.ivrmfirri brad ih.m the flaws ir, the smaller specimens. While this concliMon is only tentative, it d'.<eslead 
ti> estimates of maximum loads and gage section elongations iha» are in good agreement v.ith the 
experimental data. 



187 

ORNL-OWG 73 - 6140R 

-<& 

x r^*-, / 

y L_«>_J v 
©-

Fig.D.5. O i f p f r l rxa l imnaad 
I n Mir eflcirtivr p g r Iragill hw cKy 
4 m. 

IcittfcO (or iminwrl i iU Iwtalt f n w m »•< ' . -lralt w n f c t i : l > t * a « c 
2 aad4. lor inlcrnteJiatc lemiJc \fwvimmv I - 24 in.:loc V -wakm.wfc-r-.. I -

0RNL-0WG 75-7628 
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instability on Ihr net srciinn. 
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• W d >M the auMmptiiHis stated i K A t . the puts scctam aresses at otoAimum loarl b* each \pecmKn 
wereedmucej litun (he cqwrituo 

• * * • * ( ' \ ) « » • • » 

where 9f t> ihe gr.»*s H . \ I I > « stress, a ^ is ibe engmeering ultimate tensile >tre» f X? fcsii. A< i> (he crack 
area, and A is ihe p » u section area Referring u> Fig. D.b. ibe value ul the distance * w*er which the strain 
etjuab the unrauat necking strain (,. which is W~.. is determined from the expression 

t = 2lB a> . ID.2I 

where B b specimen thickness and a is estimated crack depth al maximum knd. The average strain uwer the 

length of the ie»i section at nuxtrama lead b estimated from 

where o is ekxigalion uf ihe test section and e rs strain corresponding to ihe stress o r_ according to ihe 
uniaxial stress-strain curve. Calculated values based on the above equations are summarized in Table D.2. 
and Ihe resulting estimates «f gross section stress and average les; section strain at maximum load are 
plotted as points in Fig. D.7 along with a clip gage curve for each of the four specimens analyzed. It can be 
seen thai the estimated and the actual maximum load conditions are in good agreement. This tends 10 
substantiate the premise ".hat the si/e effects observed with these specimens were due primarily to the 
occurrence of stable crack growth prior to maximum load in the larger specimens. 

The results for the two specimens with unsharpened notches, cited above, were actually known prior to 
ihe lest of intermediate test vessel V I . Theieforc. the same hypothesis concerning ihe proportionally 
greater amount of stable crack growth to be expected in larger specimens was applied to the post test 
analysis of a '/j-scsle moJet of vessel V-l and to the pretest analysb* of vessel V - l . Assuming no stable 
crack growth in the V,-scale model and 157 stable crack growth in vessel V - l and using a plastic instability 

TiMeDJ. N X M M M load ami avenge lest section strain estimates 
based on Ibe ICMAV iMlaMily model for low 

swface-cracked tcnnlr of A5J3. grade • . 
d m I steel tested at limperaf res wear 200 F. 

Specimen 
No. 

"nil 
(ksil 

A 
(in.) 

A. 
(ml (ksil (in.) 

' i . J " . ' l . 
rn 

Model* 87 J 0.314 78.0 1.20 3.35 534 

01H2008 m J 0.482 73.1 1.14 2.18 4.41 

2 87 108 19.2 71.5 5.00 1.80 3.51 
14 87 108 26.8" 59.0 4.00 0.197 183 

aOne-sitlh-scair model. 
"flaw assumed lo he semicllipfk-al in shape after stable crack cjnwth. 
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tjiluie aitjK sis. ihe .. ak ubteii tjiliHe pressure lor ihr ''- -s. ale model Iwfctvli laded at a pK»>M< ••> : ? 2 kstl 
was >2.(l ksi. and i*K" predicted lariure prevmre I»H \evse4 V I I which IjtkVtJ -H J prvs»ure i>l > N ksi) was 
2" * k.M IhiiN. analyst's <>l bolh ->uiljvc-lti«sM teitsdc specimens. j*J oxpetimcwtjl pressure »es.seH thai 
KJ\C lailej in the luHy ptaslw lanae oi -4tam mdicaie thai «laMe track growth JMI ptrJfc. mslahWiiy are lh»-
ph\xKjl phenomena tbji prohabh ..oniioi ihe •aliwuie siieneih .M flawed siruciures ji rurh slums li 
loiiowt ifui any method ol Iiaclure aruhsrs that N3»frs these phenomena tan** he expected to he 
.orisi<>tei::ly x . u u K m ihe t'ulh. piaMfc. racier olstrain. 

In addition to their impbcaliiicrs leeardmc failure analysis, the aho»e resells JK«> how j hearmj: 141 the 
techniques u^ti l<i preparole, * racks HI structural test specimens and on lho delciuiinaiioA >••" fracture 
r.Hishnev> values Irooi material pioperly specimens t tacks m sirucitml ieM speiimens should he sharpened 
tor ic 1* ji all iemperaiutes. MI >hai eaily stable c i i i i j>ni*t»i will mx he inhibited by lack <»l HMIUI notch 
•Jiaipness. Stable -..rack aowlh should ho measuisd m tfacturo toughness specimens tested ji etetated 
temperatures, and particular J ! K M H « should be tnen in deienmmnc the iebi»vt between specimen sire 
JIKI the poKonUtttr >>i stable ciack ciowih occuirine pin* i» nuxmnwi load. 

I (• K lr»in 01 ji . "Has*. Aspects ol ( IJ»A Growth JIH! liactute.'* < hap ^ in r«v**»*>*r of Steel 
Pressure Vessels for H'ater-Cofled \uriewr Remritpn. G D *'h»lmjn. <» (". RuhmwHi jnd A- W. 
Sj».Jjinen. td> ORM VSK 21 iDecenthei l«H»7i:.*e;ihn NRL R^5"MV« _M. !'N»7» 

' J <i Mofkio. "l-rj^-tiirc Vilely .-«iulyir\ ("unvepî  lor \««.iea' Prewure W\MHN. < onMilerinj; ihe tlieiJ* 
• •1 IrrjJwfion.'/ Bavr tng. ASMt:'».?. Serin Dl* I. > 5 7.t | June l«»7| y 

.». S. <". Grigory. T«*sr5 «»/" ft-m.-lhirk Fkweit Temtte Spnimrm. him Technkwl Summary Report 
longitudinal Speiimem Sumben I Thmufh 7. IISSTP-1R-IX VHilhwvM Research Insirtwie. Vm 
Anionm. Te\ Ounc l'»72» 

4. P N. RjnJall ami J. G Merkle. •tiro\>Sirain<raxk luieranve nlSieels.".Vwii t.ng. Dei. 17l I ».-*<• !•.; 
IXiigusi l'»7|>. 

5. S. ( Giwory. (i. W Deel. and R. Siierrrun. "Tesis ol l.arja: Tensile Spei.iinen>." IISST Program 
Semiannu. Pmgr *«7> Feb. -X /V7r/. 0RNL45»>i». j»p I ** 4«>. IM 212. 

h. ?.. t Grijjory. Tan of 6-imh-ilhrk Fbwed Tertule Specimens. Third Technical Summary Report 
Longitudinal Specimens Wmbers 14 Through Inland) Vnfbwed Specimen Sumher 17. liSSTP-TK-22. 
Southwest Reseafih Institute. San Antonnr.TVv l(Xu*er I°72l 

7 S < (riigoiy. Tests of frimh-thick Tensile Specimens. Fourth Technita! Summary Report Tests 0/ 
l-inchthkk Flawed Tensile Specimens for Si:c t'ffect rvaluati<m, HSSTP-TR-2.'. Sniihwesi Research 
Institute. Sari Antonio, "lex (July l'»7.»>. 
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nuvsvEas* REST* MM EFFETI STUDIES 

Run In the le^ «-t iiilcinhNtuti.' to-: •.i-ŝ .-l V .* •.•• a-tew"!- i-.nl been nuik"«.- deu-«;ni::o >!.c •-t'ct- .>i 
transverse I<MIIH>I <«n ihe l-ohavi.»r ••! the >ur:a>e tliws either ni the intermediate re>t vessel* >•* in the 
smaller seal* sieel mode' pressure vf-scl* that hod hrvn tested previously I ".uk-iuc- »J» available from drop 
wctitftc tests.' a i m slum lesis - and inu-itnedi.iK- tensile specimen test-* i<> iitdis.ik' that t<«i these 
spesvnCiss. when luvluic osvimed K: 'lie pla>iu ijiiiic. the t"t.il ^tuni ji li.uiucc exceeded the prediction* 
nl l«K-ai eJjNlK Ira*.: lire mechanics In vnnncvii«»n with the prelc**t ar-ali i- • >! ve**el V'O. intermediate 
tensile specimen 5. which hod IJIK.I1 J! J *riji»; •>! (»4v » j* MK -e**fu!h analyzed b> ihc tangent tnodulu* 
method ' The material t»l specimen 5 -it 5̂ I- lijd the -ame K( " v ta?m a* ihe mjieii.il <>t vessel V-2 at 
.»*'K F«»i this analysis, the Irwin ,i|_ ..oiieiimfi was .ised i->elevaic ihe tr.Kture toughness above it* plane 
slum value hosed i>n ih* assumed existence ot less th.in tull transverse re*tra:rit However The same type ot 
analysts, nverpu-dicied the fracture \iram ot vessel V * which * > correctly predicted by j lincai-elastic 
It*, lure mechanics analysts based ><a str.nn and j*Miimii« VJ'.\ transverse lestuint ' Without t'w , j v 

cofreclnm. the 'angenl modulus analysis of vessel V * tedu.ed c-*eittially in the liriear-ela*tic fracture 
mechanic* analysis based oil slum. wfncl- wa> .H curate I his r«M»lt implied 'Kit .i real difference existed 
between ihe hehavh« •»! the surface flaw* in ir.iermeduie tensile <pecimei' 5 and in inienneduie 'est vessel 
V 2 

Related evidence in ihe li.ciatuic c-.mceuiini; the ef'ect* of tiansvei*e rest rami is still yjra'. 
inconclusive, and upparenlly .>»nltadtcin(> YJIIUII developed .in ippr^sinuie expression tor the pljsiu 
w<>rk penormed pei urtil <>l invreasinc vi.ivk JUM JI the ti^ ••! a siowh >Rovmk! >.i.tsk tiom whvh it wjs 
oHK'ludrd that undei buxul in-plane tension (he t i* 'uu stress tor j through <.r:isk in .i wide piaie <nld he 
lev. than lhat undei uniaxial loading fefc-wever. hrd«<jpn. Kiblej .trid k«^en\. 5 kihler and R»hvris." and 
t.rdi.fun and Hafwani7 used varhHis pvuinro- <>; the >ame set ot expeiiinenlal Jai.i ohtatned at I ehreh 
t'niver>iiy i<» shuw thai ihe el'leet •»!' huxul in plane iensi.»n is to increase il.c t'raeiure strength ot 
throiijEhviavked alumhium and or plexi(dass plates and thm-wulled t-ylindt-rs Meanwhile. Harris and 
Dunepm* shuwed lhai luexl throu^h-ihiekness st-mpiessive stressc> k.«iid be used (.• arrest a weJce-induced 
preiiack in j s«»qr.le-edfe niHched speiimen ol beryllium Liter. Maym>i. WaWiop. and Buvh* compared 
iesl rCMilis I'mm viKlaee-crackrif U'nsile sp.v'inens and htfB.-sireneih steel pressure v:*s%e:«. and concluded 
that in-plane iransversc tensile Mrevses diculd .ediice Ihe I'racturv strenjith ot sMiavevrox'ked specimens 
Finally, l-itlle and Bunling."' considering ihe lehtgh result..' 7 povitiljied thai transverse m-plane 
compressive stresses should redtke the Ira* lure snength ot ihroughs racked plates ai.d cylinders. 

Allhmigj) inc wlomulion Iron* ihe literature sumn»an/ed above mav appeal to be contradictor, there 
is j hypothesis thai ayiees with all the cont.liisu>ns reached Howevei. the analvsis presented in Kcl. 4 
appears lo he in error, because n provides t.n no ptissihle cnution ••>< the fracture toughness with 
tempeiainre and auumes that the ralH> of the intermediate to the ma|<>r pnicipal stress is ih-r same 
throughout the plate The unifying hypothesis is thai the agenl of ii^nsverse re-iianii is the strain in (he 
JirectHxr tangent to the crock front in ihe plane «>f the clack ;it the noinr ot /r.i. l«ire initiation If lateral 
stresses uatu* this strain in become m»»re negative, which occurs when either la'tral :»i plane tensile stresses 
or throogh-thkknevs compressive stresses are applied to a thioiighcra.ked pine or cylinder, the effective 
fracliirf toughness sh.uild tikiease. ()n the othei hand, if lateral strives ^ause (his strain to become more 
positive, which occurs wh?n lateral in plane tensile stresses aie applied !•> a surface-cracked b.» or .vlinder. 
the effec'ivc fracture tiHiglincs should decrease Fhrs hypoihesiv is based <K» the assumption thai '.he 

http://IjiK.i1
http://mjieii.il
file:///iram
http://str.nn


W2 

effective tijctuie lougfuiess JepenUs on ihe tnafnHude of the h>4ii*s(jiic -ki;̂ » m the p!j>SK /tmc jest 
ahead .»i the viaci up. thai iv .»> the ;-.ydof.l_;lH s»es.s mcre-sicv the II.KIUIC tougfMH>N sfnui-J Jevrejs*-. 
The hvdtov'alK s»e\> neai l*ie -.:aci lift <JK«IM «sc*e-.cxr oe Ar» tease j> she Ictivjlc sttain Unces* l«- ihf 
clack lip in the- phoe of the ciavk WK teases .« uexic-a*cs IT*> h*pi»ihe--»s d»te> i**i coottjoict ibe 
well-known jwahtica! rvr-uJi that i«nl> the >n<rvMr> nofiuaJ to ihe vj-wk pbne mrtu-txc tte ••prone m»4r 
••revs-iniewsity t>>im The p*»eKomem>fi umki >.>>a<*letaifc!fi {set*- rv the pr.Ajrte t^aiinR ••! ihe tfiactttte 
t. ..î ****** •>! j auteiuJ with the -^uat along the crack ti>>i>i •»•< j UIUIKDI i»t the ownpuH^i value til Rf 
pt -lu-.eu h> ijic-jJ »!te*sev 

.tiiihHncli no e\pe<imetiiv weie pet formal specitkaHy <•• test ifce tocegoiat: hypothesis. Jjtj were 
already available from intermediaie ie<iMte vpsvimen 15. tested ji the Southwest Ktseaich ln>ii!dtc on Jane 
!r». !•»?.!. that were ideally suited U> this |H»ip>»>-.v Specimen 15 wa> jn ix-in -wide. IMB.-IIIKW intermediate 
tettsrle specimep fabricated «( \5.vv grade H djv i Meet h-.nn ItSSI nJjte I M ! ' ft contained J 
part-circular fancne-^ruipened paii-ihiough surface cr.ick 2.22 m deep ami -V0.2 HI. li»og >H\ (tie surface.'" 
The ffcimiKil speciroes icmpcr^.ute at fracture wa-. -K>> aad (.hefaduie loud wars J .4 X 10* lb. The gross 
section stress jt fracture was ,«t 5 ksi. which is weil beta* the yield M»e». and the tincture surface was 
completely tin 

By jpplvmg lineji-eli%iK tuctuie tnechjnw. in iiitermeJiate teiisiie ->p viiiien !5. ihe a>n.\ tircN-s 4i 
trjviuic v.jn he estimated trimi the eiiujit-.-n 

o. = i=- . I t l» 

where KK i> the rravture i»>ujdmeN> i»! the nuteiul. t" i% ihei:>iitti!itteiiM>>n.il •+»ape ij«.t«>r i«« ihcge<KiK'r> 
jmt the type «>l lojding hetng M>n>Klere(l. jnJ * )- the flaw depth Ihe value •>! < can he Jeieinunctl t'lom 
(he Smith and AtjvV ' »iluli«>n »«>i j part-<.irviila> -.a'I.ice aa» k ' ' Kflioviiiii: Ket. 14. tnr mulorin tensiKii. 
the vjiuc •>! (" i\ evert hy 

( = — ^ = . « t : i 

where 

I la h r 
i>= , i t . ; i 

I t l i ' h C 

and Jr> i\ ihe Mirl'jve length of (he crack. From ti| . |F..>>. D = 0.5.'; therefore, hy inieipol.iiion in lahle 2 
ttf Rel. 14 v„ = 1IS«»7. IrtseriinK these values into fcq. lb.2) thus gives (' = O.xtM. The value of K ( c at 

4tt°F was determined directly from the plot t>( the valid fracture toughness values ohiained by 
Westinghouse' * cisinjt compact specimens Irom HSS'I plaic 02 material fh'tg. fc.l). At 4 0 T . K ( l = 57 ksi 
\An. Assuming (till transverse resiramt. the gross section fracture stress m intermediate tensile specimen 15 
isc>timated from kq (L.I I as 

K|, 57 
It, - ~ - r -..-- •- 2<<*> k s l 

1 ( y/h.t IIMM %/' 22* 
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This estimate is less than the actual gross section stress at frxture, indicating either that fracture occurred 
under conditions of less than full transverse restiarnt or that the values of K| c or C used in the calculation 
are in?.curaie. The scalier in fracture toughness data illustrated in Fig. E.I or pJaie-to-plate variations in 
fracture toughness could be responsible for the inaccuracy of the above calculations, but this » not believed 
to be the case. Furthermore, although values of C as low as 0.6S6 have been estimated by the finite-element 
method.' * later estimates by the same method'* produced values as high as 0.99. Neither of these 
calculations is considered as accurate as the value of 0.804 computed from the resu> * of Ref. 13. 
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Win aiiempied Co explain the fracture strength of miermedctie tensile specimen 15 by tt*ng the 

equivalent-energy method ikef. 3. App. H i This explanation relied upun a previously estimated value «»f 

the shape factor fur a part-through surface crack in a tensile bat.' * Applying the ea/wvatenl-energy mettrod 

U> a I-HI-thick flawed lettsde specimen that failed at a strain of <**r 5'i. Witt and Magcr 1* eMmuicd the 

value of the shape factor for the Raw m this specimen as 0.64. Applying Ibis value to intermediate leusile 

specimen 15. assuming a fracture toughness of between SO and HO kst y/m. ami using pwtesi estimates of 

the crack depth ranging from 2.5 to 2.6 in., gave aR estimated :ange of fracture *iie>si>l 27.4 to 33.5 ksi. 

which corresponds to a range ttf fracture loads of 3.0 to 3.6 X JO* tt>. in view of the discrepancy ber*een 

(he estimated and the actual cracks depths and also (he lack of proof thai ihapc factors calculated by the 

equivaleni-energjr method are independent of strain level, the relative accuracy of these estimates may be 

fortuitous. 

A more direct analysts of the effects of transverse restraint car. be nude by means of an elasiic-pi3Mic 

notch-tip itress and strain analysis developed specifically for (he purpose of studying the effects of 

transverse restrain!. This method of analysis, called the hollow cylinder analogy.2 0 specifically consider* 

the effects of strain along tnc crack front on the hydrostatic stress near a crack tip and provides equations 

relating the fracture toughness of a material to its (riaxial ductility and the shape of its stresvrrirain curve. 

The analysis begins with an estimate of the strain tangent to the crack front hi 'he plane of the crack at 

fracture. 

fn the case of intermediate tensile specimen 15. :hb estimate was made by averaging (he readings of the 

transverse strain gages mounted on (he front and back face portions of the net section and excluding those 

gages closest (;> the crack lip because (hey -re located a( points of hign n<tmt\ strain but Uiw hydnnlalk 

stress The strain gage layout lor intermediate tensile specimen 15 is shown in Fig. fc.2. and the readings of 
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F.i ^ \xU %tcev. ••! ~5 k»i . t v M I : > . i K « v M t , r UUl.J ~ and r = «•.«. bq «b .5i ove^ n = <n«2> 
1 sinx an e5a>t:c ideail) plaslu appr<t\invi(i>«n wt the sinrŝ es J! the ^r*.k up. the ra^» • •! the maximum 
principal stress !•• ihe hydrosiatR strev. ai the «.rack tip is given h\ '" 

» - ' - I t *»» 
'* l l * r l l nl 

h<* n - O U42v bq Ib M gives \ . - 2 41 The triaxul ductility •»! the material i> .turned i.» he expressed 
empirically r>\ 

t f * l i - - IK lb"i 

If the value ot the ductility under uniaxial tension ts « t , and the value <>f theduciih'y under plane strain 
tensHHi IN t( it follow* frrnn bq. I b. 7» that 

\ « l . r * ' 

and also that 

I = ' f-«L\ tb«M 
t l s? 

Reference 20 shows that ff - 0 4 ? for A5.v». grade B. class I sled at 4 0 b . Thus, using a value • I f,, = 
I 0. the value of / from bq Ib.H) is I 7> a n d the value of 1 from bq lb.' 1! is O :»~ Consequently. setting -> 
- s„ = 2 41 infcq. lb.7|give»tf = 0.542. 

Reference 20 also shows that the fracture toughness of a material can he related to the triaxul ductility 
of the material and the sha|* of il> stress-strain curve hy the equation 

where p„ is an effective root radius, b, is the tangent modulus of the strain-hardening branch of the 
stress-strain curve. K is the elastic miHluliis. and f J is the notch root strain a: fracture. Thus, using bq. 
lb 10). an estimate of the ratio Kx. Kf< can be obtained from 

K i / n t c , ^ , ' 5 i t b i i ) 

where ef* is set equal to (\ for partial restraint andf f p , for full restraint. By using L Hopital s rule, it can 
he shown that using the elastic ideally plastic approximation inherent in bq. (b.<»). for which b, = 0. does 
not void bq. (H.I I) even though such an approximation would not give :>. physically meaningful result if 
used in bq. (b.lOr. Thus, for cf = 0.542 andr r p , = 0.470. the estimated value ol K, K,v from bq. tb. l lr 
is 1.17. Multiplying ihe previously estimated value of the gross section stress at fracture, winch was h.isod 
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on ihe assumption t>f full transverse restraint by 1.17 gives t2t>.')i I 1.171 = .'1.5 ksi. which is exactly ihe 
same as the measured fracture stress. 

From the above analysis, it can be concluded that the nominal strain acting tangent (•> a crack front m 
the plane of the crack has a fundamental influence on the fracture toughness of the material at the crack 
tip. Furthermore, as long as this strain remains nearly zero, as does the axial strain in a cylindrical pressure 
vessel under internal pressure even in the plastic range, the fracture UHtghness i>i a material containing 
surface cracks that are subject to this nearly zero transverse strain should be the plane strain value, 
notwithstanding the development of plastic strain normal to the plane of ihe crack. 

On the other hand, if this transverse strain becomes a contraction, as is the case for a uniaxially loaded 
tensile specimen, the fracture toughness at the lip of a surface crack should be greater than the plane >Uain 
value. This hypothesis explains the observed difference in behavior between intermediate tensile specimens 
5 and 15 and intermediate test vessel V-2. 
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Afftttdtx f 

MODEL TEST DATA 

Strains recorded » a function «>l" pressure arc tabulated completely in itm appendix lor models V>A4. 
V2-AI-C. V2-AI-K. V4.6. V4.4. V4.2. and V4.I. which are described in Chapter V The Mram gage layouts 
are shown in Fig. F.I • 

• u u 
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table P. l . Pressure-strain da1 

Tel 
Flaw size: ] 

Pressure 
(pal, 1 2 3 % 5 6 7 8 9 10 11 12 13 ] 

0 -0002 -0002 -0002 -0001 -0001 oooo oooo oooo OOOO -0002 0001 OOOO OOOO a 
5,000 0026 0025 0026 0027 0027 0023 0022 0025 0026 0025 0022 0026 002* a 

10,200 0051 0050 0053 0055 005* 00*7 00*5 0051 0052 0052 00** 0052 00*9 a 
10,200 0052 0051 0052 0055 0055 00*7 00*6 0052 OC53 C053 00*3 0052 00*9 a 
15,000 0079 0076 OOfll 0063 0062 0071 0068 0076 0079 0079 006* 0078 0073 a 
20,000 0106 010* 0108 0112 011% 0116 GOB* 0107 0107 0106 0089 0108 0096 a 
2%,000 0131 0132 01*6 01*5 01*0 0135 Oil* 013* 0133 0132 mo? 0135 0129 oa 
23,700 0131 0135 015* 01*9 01*1 0135 0115 0135 0133 013* 0106 0135 0128 a 
25,tOO 01*7 0182 0227 0205 0168 0138 012* 0150 0150 0157 Oil* 01*9 013* oa 
27,000 0159 0267 03*3 0266 0222 0150 0136 0162 0165 OI97 01** 0158 0135 a 
27,000 0172 0310 0*09 0336 O252 0157 OI38 0171 0179 0233 0179 OI65 0137 a 
27,500 0U5 0 > 6 0*59 0*00 0283 OI65 01*6 0186 0210 0272 0201 0175 01*1 eg 
28,000 02*9 0*7* 06*6 056* 0368 020V 0179 0281 O3I5 039* 02*8 0222 0175 01 
26,500 0*05 OS35 0901 0711 0*50 0226 0250 0*15 0*79 068j 0328 0356 02*6 01 
26,500 0569 0(26 1156 0852 05*0 025* O307 0510 0610 O893 0*01 0*88 0321 01 
29,000 0722 1103 1507 1062 0675 O3O5 0372 0616 07*0 1102 0*93 0631 0*13 01 
29.600 otos 1263 1739 123* 0776 0356 0*09 0680 0818 1231 0556 0705 0*53 03 
30,250 06ye 1*93 2092 1*70 05*5 0**6 0*5* 0756 0910 1386 06*6 0788 050* as 
31,000 103* 1866 256* 1981 1302 0&*9 0*91 08** 1019 1573 0771 069* 0585 OA 
31.500 U08 2*35 37*1 2681 1858 O9I7 0509 0867 1077 1679 0972 0951 0616 0! 
3i,eoo 1<*2 320* 1*378 2*37 1128 0*81 06*6 1032 1625 1616 1155 0908 0581 OK 

*?o convert aicroinches /inch strain to perc-nt strain, aave deciaal poiat four places to le f t . 
^Nsltiplj values in table by 10 except where noted. 
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m data froa Model vessel V3-A* (vessel ¥-3 prolongation) 
*e FI*t. F. 1 for gage locations 

Test teaperatvre: 130"P 
*: 1-agth, iJa i a . ; depth, ©.36 la . 

Strain (tiia7In.) • at gag* M». -

Ik 15 *s 17 ie 19 20 21 22 23 2* 25 26 2 

> 0000 -COOL -0002 -O0Q1 '4001 -0002 -O002 -001x1 -003*1 -002x1 -002x1 -O0*xl -003x1 -00 
1 0021 0026 0026 0026 0027 0026 O025 122x1 119*1 117x1 12*xl 12*xl 123x1 12 
> 00*2 0050 0058 005* 005* 0053 0052 1*8x1 1*3x1 137x1 151x1 153*1 150x1 15 
1 00*2 OO5I 0052 005* 005* 0053 0052 053 0*7 0*2 055 058 155 H 
t 0062 0076 0079 OCSl 0081 O081 0079 07? 070 062 081 085 062 06 

006% 0103 0105 00.06 0106 01O5 OlOS 106 088 066 i n 11% 106 11 
1 0100 0127 0131 <a> 013* 0131 013* 136 123 08* 137 1*0 132 13 
1 0099 0126 0130 0137 0136 0133 0135 136 123 08* 137 139 131 13 
1 0109 01*9 0161 0219 0216 0207 0170 165 139 089 150 155 157 15 
i 0326 0181 0213 0*5* 0*53 0*31 0226 202 161 093 163 177 208 17 
' 0133 0210 0273 059* 0587 0567 0190 23* 171 095 175 198 2*9 18 

• 0155 CB69 0352 0731 069* C68O 0391 305 196 op* 198 235 301 20 
0196 0*30 05*6 0666 0883 0866 0567 392 268 133 31* H10 562 3* 
0227 05*9 0691 ion 1027 1035 0757 *70 312 189 *68 619 90* 56 
0256 06*5 0812 1109 120* 1237 0936 601 381 21* 5*7 720 1063 69 

1 0292 0777 0969 15*7 1?99 16*6 1235 833 *66 2*7 65* 66* 1265 86 

t 0327 Off* 1075 1811 1868 1919 1*39 991 530 267 723 956 138* 95 
0367 1006 12*1 2110 2169 2223 1685 U95 611 293 810 1071 15*0 106 

1 0*56 1212 1*97 2*72 25*0 259* 1997 1**8 733 331 912 120* 17*0 120 

• 0510 ia*e 1661 2676 2753 2799 2169 1600 790 336 957 1267 18*0 127 
OV96 1336 1651 2671 27*7 2791 2158 1580 775 299 90* 1205 1760 121 

Km 

I 
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21 22 23 2% 25 26 27 28 29 

t -0(0x1 -003x1 -002x1 -002x1 -003x1 -003x1 -002x1 -OOlxl -002x1 
5 122x1 119*1 117x1 12*xl 12*xl 123x1 12*xl 12>1 122x1 
I 1*8x1 1*3x1 137x1 151x1 153*1 150x1 151x1 150x1 1*7x1 
1 053 Ob? 0*2 055 058 155 156 155 152 
9 079 070 062 081 085 082 083 081 076 
fc 106 086 066 111 11* IOC H I 111 096 
k 136 123 08% 137 1*0 132 139 1*1 126 
5 136 123 08* 137 139 131 139 1%0 125 
0 165 139 089 150 155 157 15* 15* 138 
6 202 161 093 163 177 206 170 166 136 
D 23b 171 095 175 198 2*9 18* 175 1** 
1 305 196 099 198 235 301 209 1 * 15» 
r 3 * 266 133 31% *10 562 3*8 297 20% 
r *TO 312 169 %68 619 90* 565 *52 308 
l 601 361 21% 5*7 720 1063 695 5*9 372 
1 033 168 2*7 65* 86* 1265 860 672 *58 

* 991 530 267 723 956 136* 951 750 522 
> 1195 611 293 810 1071 15*0 1067 853 60* 
r i**8 733 331 912 120* 17*0 1207 973 691 
f 1600 790 336 957 1267 16*0 1278 1029 736 
1 1580 775 299 90% 1205 1760 1219 97* 696 

L 
3 
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ttale r.2. fliaaan strafe eata f t « M « t l f t M t l 12-A1-C ( 
St* P i c . P. l f a r #aa* toeatiaas 

Ttat tatmtat: 130*2 
Fla» s i s * : l s a f t a , 1.2 i s . ; Oefta, O.37 l a . 

n , . . „ , , Strata ( tda . / t o . J * a t t*fi t Bo." 

(••1} 1 2 3 * 9 6 7 8 9 1 0 11 12 13 1* W 

2,000 no 130 130 130 130 130 110 120 110 130 130 no 120 DO * * 
* ,000 210 230 2*0 2*0 230 230 200 220 190 230 220 190 200 220 * < 
8,000 370 *20 **0 *90 *30 **o 300 *20 370 **0 *20 3(0 380 *20 *9* 

12,000 960 (*0 670 680 690 690 970 630 960 660 630 990 970 6*0 H 
16.000 7*0 890 890 900 8 ( 0 8 ( 0 790 030 7*0 870 030 720 190 8*0 

20.000 910 10*0 1090 1110 1030 10(0 920 1020 920 10(0 1020 880 930 IO30 lflH 
22,000 i c t o 11*0 USO 1230 1160 1170 1020 1120 1<&0 1170 1120 960 1030 1130 12**j 
23,000 1030 1210 1290 1300 1220 12*0 1O70 1100 1060 12*0 1170 10BO 1090 1200 1301 

•1 

2*,000 U 3 0 1300 1*10 1*20 1310 1330 1130 1260 1130 U 3 0 1230 1060 1190 1270 i* i4 
29,000 U 9 0 1360 1920 15*0 1*00 1*30 1190 13*0 1190 1*20 1300 1110 1210 1390 15*1 
29,900 12IO 1*30 1970 1600 1**0 1*80 1230 1300 1220 1*60 1 3 » 1130 12*0 1300 1571 
26,000 12*0 1*70 1660 1690 1*90 1990 1260 1*30 1290 1520 1370 U 6 0 1290 1**0 1*91 
26,790 1280 1990 1800 18(0 1570 16(0 1320 19*0 1290 1610 1**0 1210 13*0 1900 1798 
27,900 1320 1680 2110 2220 1710 1860 1*20 16(0 13*0 1780 19*0 1270 1*10 1990 I90I 
28,000 1300 1630 2620 2900 1870 2130 I960 1900 1360 2090 1720 13(0 1*70 1660 1990 
26,290 1*20 1930 299O 3910 19T0 2*20 1690 2130 1390 2260 1920 1900 1910 1700 I960 
26.900 1*90 2*20 3B0D *90O 2390 3130 1930 2690 1*60 2820 2290 1690 1970 1700 I960 
20,900 19*0 25*0 *ojo 9110 2990 3930 2110 2960 1910 3120 2990 1620 1630 1830 1938 
29,000 1720 2960 *9M» 6280 3090 *90O 2*10 3610 1790 3670 3120 20B0 1760 I960 1970 
*9.000 1810 30J0 $160 6630 3100 909O 2960 30(0 1870 *290 3*10 2170 1030 20*0 2268 
29.000 l i t O 3220 $370 6800 3320 9900 2680 *oro 1990 3630 3(60 I99O 19OO 2130 2632 
29.200 2110 3920 $820 7370 3630 6130 2870 ***0 2290 $230 *000 2390 2100 2320 3**8 
29.900 2320 3**0 6300 7880 *030 6670 302O *790 2630 9770 *330 2*80 2290 2960 *$*• 
29.300 1770 *39» 6920 0(60 *6*0 7390 3230 9290 3100 6(20 *6lO 2710 2970 2970 9998 
30,000 2830 *(90 7390 9230 90(0 7020 3300 $610 3390 7160 9120 2860 2730 3260 6120 
30,300 3220 9270 02JO i n 0 o 9660 8830 3T00 6390 39(0 0290 9770 3170 3120 3910 0298 
31,000 3(90 6200 9900 11190 6990 IO320 *2*0 7930 *690 9900 6730 3(90 3710 *870 10*28 
31,600 *ato 1230 117*0 13670 8100 11820 *00O 0620 9910 11*70 7790 *170 *380 9760 12338 
3?.000 *900 8*60 13670 19770 9610 I32IO 9900 9630 6*00 12090 9760 *630 «90O 6620 1*0M 
32,900 96*0 1O0LO 19860 10220 II320 1*620 6190 10680 7*90 1*310 9770 9100 9980 7*60 19630 
32,800 6*80 11810 10910 20O9O 13200 16190 6090 U830 8610 19020 IO830 9610 6220 8*20 173(8 
33.200 7910 1*1*0 21990 2**20 19900 17310 7*90 12720 100*0 16970 11690 6030 6660 9120 16978 
33.230 9090 17*30 27190 30(20 19300 10230 1990 13*20 12190 17000 12310 63*0 6980 9120 19900 
tarn* 7 * 0 21010 $0t*0 99960 2*770 1*100 9*70 10090 12300 13(10 8860 3700 *09O 7130 16678 

n Simla to • • rent strafe, a m ocefeal sola* fear places to left. 



42-A1-C ( V-2 

»: lJOt 
to.; «q*k, 0.37 la. 

to. /to.)* «t 
13 14 19 17 10 19 20 21 23 

120 130 130 130 130 120 
200 220 220 220 220 210 
300 420 490 440 440 420 
570 640 660 660 65c 620 
790 8*0 090 000 070 020 
990 1030 1090 1090 107c 1010 

KQD 1130 1220 1220 U0O 1120 
1090 1200 1300 1300 129C 1100 
1190 1270 1*10 ]*10 1340 1290 
1210 I39O 1920 1930 1430 1330 
1240 1300 1970 1990 1V70 I36O 
1290 1440 I69O 1660 1930 1420 
13*0 1900 1790 1700 1620 1400 
1410 1990 19OO 1910 1730 1970 
1470 1660 1990 I960 1020 1690 
1910 1700 I960 I960 1070 I69O 
1970 1700 I960 1900 1920 1770 
1630 1030 1930 10(0 I960 1030 
1760 19(0 1970 1060 2040 200D 
1030 20V0 226C 2190 2000 2120 
1900 2130 2630 2960 2190 2270 
2100 2320 3440 3430 2470 2610 
2290 2960 4940 4670 2990 2$60 
2970 2970 9990 6310 3990 3 * 6 
2730 3260 6720 7210 *560 3790 
3120 39&O 0290 0J2O 9660 4200 
3710 4070 10420 U21C 7040 4090 
4300 9760 12330 13270 0300 9970 
•900 6620 14010 19140 9690 6200 
9900 7400 19630 I6900 10090 7000 
6920 0420 17360 10740 12110 7770 
6660 9120 10970 20000 13*0 0300 
6900 9620 19900 210JO 13730 0020 
4090 7130 16670 10320 110)0 6390 

93 121 121 140 109 192 15j 
161 212 214 299 192 269 261 
321 410 424 512 379 932 902 
402 639 643 774 976 000 793 
639 03B 0*0 1022 760 1067 993 
778 1020 1040 12)4 933 13U 1217 
099 U33 U91 1390 IO32 14*9 1338 
905 U90 1212 1470 1090 1922 1*09 
963 1263 1209 1574 1162 1610 1486 

1019 13*4 13(5 1679 1239 1709 I960 
1039 1394 1397 1726 1272 17*0 19*> 
ion 1393 1446 1002 1320 1009 1633 
1116 1447 1917 1916 1411 1099 1692 
1172 1924 1626 2130 I960 2030 1700 
}999 1630 1*43 2960 1910 2260 1£60 
1290 1770 2210 2970 2260 2930 1970 
1330 I99O 2600 3010 2900 3140 2240 
13(0 2160 3*0 4460 3*00 3400 2420 
1470 2990 3B00 9600 *220 4290 2090 
1590 2790 4190 60*0 4970 4690 3030 
1610 2990 *460 6*90 4ttO **«0 3190 
1760 3340 4940 7230 9460 9460 34*> 
1900 3(50 93(0 79*0 9000 9090 3790 
2070 40)0 60V) 6990 6%0 6420 4100 
2200 •390 49*0 *eo 6920 {090 *330 
2470 9060 7600 1U10 7090 7700 *040 
20B0 6060 9000 12990 926C 9190 9670 
3390 7000 10220 1*760 10670 10690 6600 
3000 7900 II33O 16400 11960 12090 7470 
4230 0300 12920 10070 13270 13910 0 * 0 
469» 9700 1379« 190(0 1467* 19030 9360 
9O30 10930 1*000 26900 21400 10000 10000 
7O0O 14200 I96OO 27000 22900 19000 11*00 
4900 9900 II3OO I96OO 19600 13200 7300 

2 
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TOMa F.}. f w m t i atcala Jata fraa aaOal m a i l V2-A1-C 
( • M l f - I rr*laa«atl*a) 

Saa rig. F. i far isst UcMUn 
Taw m n i n n : lW*r 

n * l i l t : laactfc. 1.2 la.; Oatth. 0.17 la. 

r t M M f t S t r a t a f a t a 7 l a . ) * a t i f * So. -

<•»« X 2 ) * s • 7 • 9 

• 1 a u l a 

0 000 000 000 000 000 000 O N . . 000 
s.oo* 2*9 2 0 * 270 2*2 2*0 2*7 2*4 — 2S* 

1 0 . 0 M M S M * *** )» 490 S M S)7 — S I * 
1S.00O 707 0 2 ) •24 U S 7S* • 1 0 • 1 2 — 77* 
20.200 102* 1109 1100 1092 101) 1000 1090 — 104S 
72.10© 1117 12*0 12)7 122* 112S 1219 1227 — I 1 M 
2S.0OO 1297 1*7* 1*72 1*01 1299 1*S) 1 4 * * — I D S 
2 i .S«0 13)0 1J17 1)19 1*09 1)11 ISO* I S M — 1)7S 
20.000 1)71 I M O I M S 1S79 1 ) 7 * 1S7* I S M — 1*20 
2 * . M » 1 * 1 * 1 M I i m I0S1 1422 U S ) l t * 0 — 147) 
2 7 . 2 M 1*90 1709 1790 177S 1*9* 1790 17*0 — 1S*2 
27 .MO 1 M 9 1032 102) 100* 1)17 I K S 1791 — 1S70 
ZS .ON 1 M 1 I S M 10M 190* 1S70 192S 1099 — 1 * M 
2O.40O 1*27 197) 1979 19*2 1*)J I 9 M 19*7 — 17* * 

•10 a t a l a 
29.000 172 2 0 * 20 ) 207 171 2 ) 1 190 . . 190 
2 9 . 2 M 102 2 1 * 2 1 * 227 MS 200 200 — 22* 
29.000 107 22} 227 2)S 190 )12 2 1 * — 242 
2 9 . 2 M 19S 2*0 2)1 25S 197 M 2 2 ) ) — 2*9 
2 9 . 2 M I t ) 277 2»2 2 M 201 402 2 M — 2*7 
79.100 21% )S9 MO )SS 217 * *S 292 — 110 
29.000 22) M l 192 MS 22 S *9S ) I 9 — 119 
29 .0 *0 220 * 0 2 40) m 227 SO* 1 )0 « 127 
2 9 . MO 2 )0 * l ) 414 • 0 0 2)2 S24 )S1 « 1)1 
19 . MO 2S7 *S7 400 *S1 242 SO* S* l — 201 
2 9 . 2 M 2 * 1 * 4 9 472 4 * 1 24S S7* 410 ~ K l 
19 .2*0 2*0 * 3 0 404 4 7 * 240 M 7 4 2 ) ~ K 7 
2 9 . MO 27S * 9 * *97 490 2S4 • 0 1 447 199 1SS 
29.000 292 S M MO S)2 2 * * • 19 49S I M M 7 
29.410 M l M 4 570 S M 27) • M S27 190 )7S 
29.000 M l M 9 S7S M l 272 M l S27 I N }7» 
2 9 . MO 111 M * too S09 2»1 M S sss 197 MS 
29.000 11* M 9 M S S9S 2*S * 9 I Sal 19* M 9 
29.000 121 • 1 7 »2* • 1 1 291 707 S*4 I9S ) M 
2 9 . 7 M 112 O i l * * 0 **• MO 71S *!• 19* 411 
10.080 1)7 *» *** *S7 MS 74* » M 194 421 
10.000 M 9 7 * ) »M 7*1 ) M •22 714 l«9 4S9 
10.090 * l * 0*0 •17 0*0 M l 917 • 1 * I«S SIO 
10.100 * 2 * 0 * 1 • 7 ) OS* 171 91S • IS 1*4 Sl« 
10. MO * * 9 922 9 ) 1 912 M l 907 • 9 0 M l S4* 
11.00b *») •m 9 * ; 9*9 40* iOJ* 944 17« )J1 
11.000 M l I I I * 1121 109* 4*1 11*9 107N 171 • 12 
n. no MS 1 1 * * 114* 1121 472 1194 1104 170 • 4 1 
11.MO S H 110* 11*1 114! 401 W I S 1177 1*9 *S4 
11.MO MO 1271 1242 1211 S10 17«S 1190 l«S *•* 
1 1 . MO • 0 1 i ) S ) 127) 12*4 121 111* 1227 1*1 • 9 * 
1 1 . ' M »20 1*00 1299 12*9 I K I11S 1741 1*7 704 
11 .1M 0*5 IS IS 11*9 1120 SS9 I M 9 I M 7 IS9 717 
12.000 •S7 I M S 1172 I K ! *70 1411 1171 1 M 7S0 
12.000 710 — 1474 14*1 • 17 1SI ) 1*74 IS7 •00 
12.000 711 « 1 ) 1 * 1400 • M ISS7 I4S9 1 M • 2 9 
12.000 •10 U.'S 

•100 ttml 

7 M 

r 

l * ! 0 9 M 

12. MO 00S . . 17* . . 074 .. 1*7 — 099 
1 i.OOO 007 — mi -. 0 7 * — 177 -- 104 
11.00* 0 9 * « 222 — 0*7 — IMS — I I S 
l l . M o O H •• 211 -- 001 -. 109 -- 171 
11.MO 101 — M * — O M — 701 — I K 
11 .MO* 101 « — — 000 • • 711 — 179 

0 077 "" 477 "• 0*S " 1*1 " "* 
i cowmi muvUmtmitmth mwm to oorcom strain, mom mum* point four (Mocos to lofi. 

toMoMd vaHws by 10. 
cMWtM<T IOOMHOX Volvos by 10a 



ISble F - - . Pressure-strain i*t* fror. a o i e l vesse l '."-*. .o 
( v e s s e l '<"-•» prolongation) 

See ? i^ . F. 1 for .Jfe-je locat ions 
Tteot tensperttare: 20O'F 

Flaw s i=e : lenjjtn. 0 . - - i n . ; ieFtn, 0.2-J in . 

s t r a i n (^in. / i tv . ) at £*»« S=- ~ r.?ssure ' -

l j ,OOC . :, -̂  -. "0 ; • • • - - . : •+ 50 O-TO 610 

? : , o o : •'50 i , o , \ : . "20 i , 2 i : 920 1 ,310 1,26: 

2 5 , 0 0 . : 1 , 2 - 0 i , o ~ : i , : - o 1,0 2 ' 1 , 1 - 0 i , - > : *• , 0 - ^ 

5 0 , x o 1 , - 0 0 i .oOO i , 5 ^ o I , - 0 0 -*-, ! , - ' : • 2 , 0 5 0 L ••* '• 

5 1 , o c o 1,55~ ' r P - ^,—- - l , - ^ l » / ; " 1 ,520 2 , 1 0 0 2 , 0 2 0 

52 ,000 1,620; 1,7*0 l , t ;00 i , "20 2 ,050 1 , 3 - 0 £,21C 2 , 1 2 2 

5 5 , ooo 1 ,700 1 ,300 i , o - o -,-- *~ 2 , 1 2 ; 1 ~ , ' 2 , 5 1 0 2,22-D 

53,>"<0 1 ,750 i » - S I / O - 1 , - 9 0 2 , 1 - 0 1 , -10 2 , 3 T : 2 , 2 ~ 0 

3* ,100 1 , - 5 0 1 ,950 •"•» 0 ' - ' i , ? 9 - 2 , 2 " 0 2,-1-0 0 ?"-. 

5 * , 250 1 ,300 1 ,990 1 , 7 9 0 2 , 0 - 0 . . , ; - r . i , - - o 2 . " -0 2,-»>: 

3i*,400 1 ,920 2 , 0 * 0 1,-"X- 2 , 1 1 0 2 , 3 9 0 1,">0 2 , i ~ 0 2 , 5 3 0 

351000 l » 5 9 0 2 , 1 0 0 1 , 9 2 0 2 , 1 - 0 2,-»"X 2 ,0-»0 2 , r . l 0 2 yOWO 

55 ,500 • , ,690 5 ,2+0 2 , 1 0 0 ; , ^ o 2 ,610 ^ , 2 1 0 o , T 5 0 5 ,~>0 

5^ ,600 7,M*> - , 7 6 o 2 , 2 1 0 2,i*70 2 ,6>v 7 , 7 3 0 1 1 , 1 - . : 9 , 0 1 0 

n 1 1 , 9 9 0 6 2 0 590 520 H ~ , 6 J O 

To convert microinches/inch s t r a i n to percent s t r a i n , move decimal point 
four places to l e f t . 
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T&ble F. 5 . P r e s s u r e - s t r a t a da ta frora node l ves se l V-*. 
( v e s s e l V-- p r o l o n g a t i o n ) 

See F i g . F . 1 fo r ^a.:e l o c a t i o n s 
Ttest t e m p e r a t u r e : Jv.:"F 

Flaw s i z e : l e n g t h , 0 .c5 i n . ; a e o t h , 3.25 i n . 

P r e s s u r e S t r a i n ( u i n . / i n . ) a t gage S o . -

( p s i ) 
1 c 5 ~ 5 6 f 

5,000 2o0 260 2o0 2-;0 2*3 500 290 
10,000 :irO 520 ^20 T - «3 5"»0 >T0 560 
15,000 ~ Z f - N 510 79c ~~" -•*o 900 380 
20,000 1,050 1,030 1,020 ••-"•70 I.07.J l , l oO 1,150 
25,000 1,350 1 ,37 : 1,360 1,270 1,470 1,720 1,750 
27,00c l , o 5 0 V75C 1,610 l ,V-v 1,7^0 4,390 4,740 
^ 1 »x^--> 1,970 -,'05-: 1,^5C 1,650 1,770 7 , ' 5o •i,33o 
2c,. 300 2 , - 1 0 2 , -' -o 1,700 1,610 1 , :20 9,310 3,390 
25,500 5,750 5,o2C 1,-50 1,-20 4- £ v**- w 9,CK~SO 

29,000 - , 2 3 0 ••,090' 2,510 2 , 2 - 0 2,x>0 10,960 10,470 
29,250 4,56c 4,1*30 2 , ? S " ,̂  ' - > 5,520 11,440 11,020 
29,500 4,540 " ,710 S""60 2,940 4,720 11,900 11,600 
29,500 ; ,C90 4,95c 5, "50 3,14n 5,250 12,34.0 12,000 
29,750 5,550 5,200 * ,150 5,560 5,-503 12,790 12,490 
29,750 5 , i v i o 5,510 4,2 ' T 0 3,460 6,010 12,960 12,700 
30,000 5 ,693 5 ,?o" ' ' ,55'- n.620 v , 420 15,330 15,100 
30,250 5,9o0 5,730 * , 9 t 0 5,^90 0 ,970 13,?3o 15,700 
30,250 6 ,420 6,160 5,420 4,o3o 7,570 14,')30 14,450 
30,500 6,9c!0 .; - 7 i ' 6,120 4 ,430 • 3 , H 3 0 15,550 15,4.% 
31,000 7,590 7,290 6,56o 4,6*0 9,540 l c ,600 16,600 
31,200 3,150 7,640 7o60 5 ,240 10,170 17,590 17,660 
31,400 9,260 i , 9 0 0 •1,770 5,9-50 11,700 19,590 19 ,77 -
3i,3oo 9,670 9,290 9,210 6 ,260 12,230 20,050 20,460 
32,000 10,630 10,220 1 0 , l p 0 6,-i50 15,440 22,170 22,460 
32,300 11,340 10,39f 10 , tic 7 ,510 14,550 25,490 25,390 
32,500 12,300 H,V90 11,690 7,5oO 1 5 , - 7 0 25,590 25,330 
32,700 13,19-0 12,700 12,550 ;-3,4?0 16,570 27,370 27,660 
33,0-30 13,490 15,670 13,440 9,020 17,770 29,470 30,050 
33,300 15,^10 14,930 14,^40 9,750 19,250 52,540 32,960 
35,700 17,020 16,560 15,-WO 10,660 21,020 56,570 57,08o 
33,100 17,120 16 ,r>6o 16,050 10,740 21,210 56,910 57,300 
34,000 la,U70 IS,O60 x7,02v'- 11,4M3 22 , "^0 45,090 41,210 
34,200 19,170 1-5,790 17,650 11,H90 25,290 43,420 
3»»»300 19,060 21,070 19,040 12,670 25,160 50,510 
3li,500 •-4,750 24/300 20,600 15,9^0 27,220 63 ,440 

0 51 , ; ' 70 50, -too r-.,oio l l , 4 6 o 24,610 

a To convert m ic ro inches / i nch s t r a i n to percen t s t r a i n , move decimal po in t 
four p l a c e s t o l e f t . 
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, .. ...• • ̂ M ^ a t C S I f B * ! 

lahla F.4. FrMsara-scrala 4*t« froa aMl 
( i n w l ¥-4 aralaagatiaa) 

1 V4.2 

S«« Fig- F. 1 far aaac lacatiaa* 
Test t H f i i a C i n : 1J0*F 

Flaw > t u : !«*( (» . >-15 l a . ; aaata. . * * ia . 

P l M M T t S t n l a ( ^ l a / U . ) t o o c « • 0 . -

( p s l ) 1 2 5. • ^ 6 ? - 9 -- l l 

J a rt 20 0 10 0 3 V 13 ; 
-,.2>X 520 260 250 JTO 2 « 0 220 J2C 2 ? : 22C 223 2 
=.000 o ) 0 4 * * )0 TbO *50 - 1 0 - 1 0 »2C - 1 3 -13 4 

12 ,000 1,000 -K 6*0 1.250 6d0 6J0 62C J*-3 • i i : •£23 £ 
16 ,000 i,-v> 1 . 0 1 : ">* 1.7*0 950 T T } 6»C •v, *53 5-3 9 
13 ,000 1 ,050 1.1*2 99C i .yx 1,340 90c 9 0 no C'5" rJC 5 
20 ,000 2 ,010 1 , 5 ) 0 1.12C 2,«r; 1 , 1 * 1,110 1,060 1,3~3 1 , 3 5 3 1 , 5 5 3 1 ,5 
21 ,000 2 .510 1 , * - * 1 . 1 * 2 , t y . . ? C 1.10C 1.1 JO 1,1>3 i . u : i . u : M 
22 .000 2 .69c 1,6*0 1.25c 2,V"-' l .?9C i . 2 5 ; 1 ,220 1 ,213 i , i ~ 1,1-C 1 ,1 
2» ,000 5,»90 2 .12c 1.550 * .>2: 1.5 ~ 1,5^"- 1 . 5 * : 1.J0C 1 ,2-2 1 , 2 6 ; 1 ,2 
24.30C - . 0 0 0 2 ,96c 1 , -10 - . 2 5 0 i.-sac 1, -20 I . - T : 1 , - 1 3 1,523 1,553 1 ,3 
25.00C 6 , - 5 0 * . - 5 3 1,5 50 ' . . - • v c 2.-2C 1.5-". 1 , -13 1 . 5 - : 1 , - - - : 1 , -63 l . « 
25,>2G ' , ' 9 0 %52C 1.020 ' . w 5.590 1,6'-: l , - * . : 1 , ^ ~ 1 . * : 1,3 ,«C 1 ,5 
25 ,000 >,660 6.49C- 1 , ^ 0 '*r' - - . 1 9 0 l . - i : 1 , - 5 - 1 , 5 1 : 1 , 3 7 : 1 , 5 
26.fX, 1 1 , ^ 0 -,-*o 1,?50 12 * i ; 5,22-; 2.05C ;. - * -

* 9 .•* 

2 , 3 1 : 1 . 3 - : 1,-l'i; 1 .6 
2^,000 1 . . 5 2 0 • , 1 -0 2 .220 i ' . 2 0 ' 1 * " ^ ' 2 ,5 JO *,20C 2 '-20 1,-.2C- i.^5". 1 .7 
2~.yx. 1^,-53 1 3 , ' 2 3 2 ,600 i - , - - c •"•̂ - '.;* J . - t o 2T5C i.i-: 1,-TC 1,7 
:r:,%<i : - , 5 > 3 11,210 2 , - * *̂ -' • ' , - - , 5 c - ; S - 1 2 - , ^ 2 : f . - X 1.'? i , - . i : 1 , 3 
2",'."!>: i. •."•>-" li.TDO 5,2>: 2 1 , ' ~ . • , " • * - - , 53C 1 , ^ : 1 . — : 1 ,9 
2 ~ , 7 - : 2 0 , - * 12 - , * 2 i , . - * : - , . « > : 5, "JC * f * ?C - , "i: 1 , - 5 : i ,?JC 1 . 9 
2?,ooe 22 ,000 1 2 , * v . F 2 * , - r j 0 •*,' 2 - V * - ; . - - » : 5 .^*2: 1 , " - - 2 , : 2-; 2 , 3 
2",0OC 2 2 , 6 * i ; , « 2 c S - l 2 - , - ; 2 : *, — - - , 1 1 ^ r ••» ,- 5 , - > : !,-->: 2 . 1 V 2 . 1 
?-,25-: 25 .510 15,^20 - , * G 25-,5 V -.--^ - . 2 * 0 " f p ~ : -,rx. 1 . - 1 : 2 , 2 V 2 , 2 
2^,250 2*, . / -3 l - . o ' . - « , l T C 2ft, <-. l - - ,?:: * r" - " , 2 " i . - t : 2 , 5 V 2 , 5 
:-,3r0C -* " *0 1 - / 5 7 . • • > ' . " • 2"", *JC i : , *: - , : i : -,:-^c- " , - 2 : l,<il" 2,-:«". 2 , * 

- ",i90 i"; .-«>^ - , 5 V 2<>,«»; l i , - - : - —, — ~ , - . 2 ' - -c . . - . -- 2,"5.' 2 , 7 
:— •• . - , 1 1 0 1 ,-*--" "" » V,«-.T u,--: ~r'f- "-.133 - , " " 2 fc. • _ V - 2 , -V 2 , 9 
* ~ . ̂ * i - " , T * j l i .2 *0 - , - 0 C ' 1 , 1 V u.,5'-: ; , : i : • ' • , - : : *»23C -Tri"- M-: 5 . 1 

2 - f l J 0 16. *-: -,.— - ' i . . . " . i i , - ~ • ,x" •» - . ' - -. *1 - ¥*• - ' , 2 1 5 . 1 
;'-,"»00 2*,-,=23 i 6 , 3 > ' . . ' 2 . '!.*-•-" i l , " « - • , 1 - .-•".-- 1 " -

- r " • 
1 *,* 

iv,DO0 V..10C i . D , » " . - c «'" *c,-^>. 1 1 , - v • , 2 1 - ; *,-* - . - ?'"": ','?- 5,5 
2'/,253 • i . « > : l V " '. .2 '. f ^ - 1. ,: -v. • w * " i : , * 2 : : ^ - £ ^ - »^ - '- - , 2 V • , 0 -

?,-,2*>3- '<-,-•'< l-,-«.- " , - V *̂  -^ - 12 ,r>Xi 4; '. -̂_ 1..-, •; 1* r" ~~- : - , - - 3 : -»—. - , 5 
2 * / , 5 ^ j ^ . ̂ - . ' . - . 0 " " 5/>>" * ' , • • " ' 

i M i C ' , - c : i l , 2 * . 1 1 , 1 - 3 M 5 : 5.:°: > f̂ -' 

2 ' F *"*'•"- V ; , ; V . 1 •,'.?: *-. , 'm~ '" * ' i •,-,;•: - , 10c l i , - . 1 1 . - ; : 1 " *0 3 , 
2'-,75-"- V , - , l ; 1 •. "--" 5 , 2 ~ J « - , .<. l ' , i r > - . 1 ; ' - l i , - - ' 1 1 , ^ 2 -,":- -,> 
50,nor. * -, >. " ; • ' , - • • o . ' l : -Z,-': i - . « - ; .-. 1 2 , - x 1 2 , 1 •; S - v ,'- *- -"- ,3 
jo,ooc M , . . " . - . 1 , *. o . ' i ; - 1 . - , - - i - , » ; fCsT*. 1 . , •-.: 12 . "5 *" r - * - • - ! • ,-• 
?.;,5>: - * • • •".'-"• • ' ? ' ' " M - > ; - o , l C lrs.l-.:- l ' , - ' : 1 * , — : - , ' - : ".- -. ",-< 
V »'"'. ' .-f., . «* - , i > 

- . . * • 

r *-,r> G 1- , 1 • • - • - X 1 - , " . 1 - ,-yr : 1. 2 
.- F • , 1 

«1,Off; --; ,2V0 ' , ' • " 0 • " , ^ : « " 1 ' , ' ' • * - ' ? • : 1 , :» 1 5 , 2 •: , *- i : , : 2 . *r 

51 , "500 • . , J < X •« .1V. • - , i - « • > « , ; • * - i - , ; - « - -f:'^" 1 ' .-,':• 1 , - - " - , : • • ; l : , - - - 12 ,5 
51,25 - * V»." . ' " , ? • " •' ,->o>" 5" , - I-.-"-- * • ' - 1 - , . > • : 1 - : , ; • • • • ' , 2 3 l i , - - . " l.".-r 
51,5-Xi • , . - > :~,-<e • . 1 - : • i l . l o ; : : , " • • - • , 2 X l v i : i , l > " • , ' • ' - l i , •*: 11 . - : 
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4. h i m i i m a l a aaca fraa ara*I vessel »*.Z 
(vassal »-4 atalaafaclaa) 

Sat r i « . r. I fa* gae* lacaciaas 
last I I ^ I K H I : I V F 

law sta>: Ieae,ta. 1.1) ia - ; aayck. .44 ia . 

S t r a t a U u / i a . l * t o « • « . » . -

> 6 7 9 10 U 12 15 

1 0 0 3 0 10 3 10 10 13 
HO 220 5 » 2J0 220 220 220 220 J10 
« 0 -.10 •10 *2C *1C 413 «20 «20 5 « 

(ao 6*> 620 "3*0 610 620 650 620 5 » 
MO ?70 6*0 •^50 550 340 •«40 •34C TV; 

MO 960 9*3 95* 950 9J0 950 950 "?70 
i a c 1 ,110 1,36c 1,070 1.350 i , o y 1 .350 1,050 9 < 
l\T> 1 ,130 1,150 1 A 5 0 1.110 1,110 1,110 1 . U J 1. 34C 
390 1.220 1,210 1 ,170 1 .130 1 ,17c 1 , I X 1 I X 
5?o 1 .5*0 1.5*0 1,50C 1,240 1^26c 1 ^ 5 0 1 ^ - ^ 1 I t : 
8eo 1 , - 2 0 1 , -30 1,*10 1 ,520 1.550 1,5^5 l . J - ^ I 2i-. 
720 l»5-»0 1 , 1 2 1 . 5 - 1.-C0 1,460 1.45T 1.500 1, 2--0 
5W> l ^ S 1,9*3 1,6 ~ l , 4 O 0 1.5 5C 1 ,520 1 , 5 * 1, 5*0 
1 9 0 i . - A i 2.5*0 l,'K 1,510 1,570 1.590 1 - " F ^ . 1 5e: 
2 2 0 2 .050 2.750 2»0l»0 1.570 \.w~*>z 1.6T3 1,76c 1 ,*I3 
» » 0 :-.55C 5.20C 2,520 1 ^ 2 0 1,750 1,^50 1,^50 1 *»; 
-fee •,0oC S-ec- 2 . - 5 0 1 ,66c 1 . 7 * 1,^90 1,950 1 - • c 
J f o « , -10 - , 6 2 : S*3C 1,6*C 1,=10 l . - O 1,990 1 : i : 
T50 * ,o -v 5 . 5 - o * ,*oc 1,72C l , r7C 1,^00 i.Xz l , 
,96c ' . N 5 .620 - . 1 - 1.750 1 .900 1,^50 i ,39C I ^*C 
.520 5.--9C 6,»-<e 5,920 l . - » c 2 ,320 2 ,050 2 , l i C 1 * . « • " 

,74C - , 1 1 : 6,-s-O o , » : c i . r - » 2 ,150 2 , 1 5 0 ^,290 1 1. T ^ . 

,9*0 - .-"'0 7.2*0 *-,90C l . T i ; 2 ,250 2 ,250 2,«-C 1 5>" 
,800 ~F*>~V - , 2 ~ ; l . = 5 0 2 ,550 2 , 5 * 0 2 , -^0 1 - 3 0 
,5"^ - , : i: "*̂ ° • , - 2 w i . 9 i : 2 , - 9 0 2,»9C 2,590 1 %2C 
r0-*3 • * » ^ - ~ • - J F >••"•- 2 .320 2 ,750 2 , ' * 0 2,"20 1 ,-50 
,5-0 — r >"• 9, io-: "*»"""w i.OVC 2,950 2 ,910 • ; , " • • 1 

rTl 

,5*0 - , : i : 9,-7C > r 2 X 2 . 1 - : 5,1*0 5,100 5,150 1 "*'C 
. o - - , *" : #.-^: ? , ' i : : , 2 c c 5,210 5,1-50 " , i i : 1 n . 
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,090 ""•*•" - 16..?*0 16 ,.",•-• • 5 , 2 ^ 1 1 , 0 5 : l ' , > 1 0 1 , . . « ' 2 : 
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Appends G 

A N A L Y S B O F t M O a V E S S t a T O T i M T A t Y T W 

In applying the equivalent-energy methud of fracture analysts to intermediate test vessels V-l am) V-2. 
it n t found that the accuracy of equivalent-energy cakuhtfiuus depends strongly on the valne of the stupe 
factor f used in the bask equation of the method.1 winch tor a pressure vessel haded by mtemal pressure. 
can be written as 

wbere the subscript d identifies the ibkkness of the component m the region of the Haw and p 4 defines the 
end point of the extended initial tangent to the pressure-strain curve, the area under which is me same as 
the area under the actual pressure-strain curve at maximum load. When the equivalent-energy method was 
fin devetoped.it was postulated that the shape factor C should be equal to the value calculated ebstkaty 
far a bnear-clastk fracture mechanics analysis.* This was. in fact, a necessity if the term C was to be a 
o**>ant in fcq. (C.I >. since the equivalent -energy method was formulated in such a way that it would 
automatkaRy reduce to bnear-cfantk fracture mechanics for completely linear behavior. However, the 
pretest analysis of intermediate test vend V-l by the equivalent-energy method.' using a value off" = 1.60. 
which agreed with the linear ebslk value, underestimated the failure strain of vessel V-l by approximately 
a factor of 2. Subsequently.1 a value of C * 1.132 was calculated from the test results obtained from model 
vessel V2-AI-E. and this value led to a more accurate pint test analysis of intermediate test vessel V-l. 

The next pretest estimate made by the equivalent-energy method* was for intermediate test vessel V-2. 
using a value of C * I.SO. which was based on the test results obtained from model vessel V2-AI-F. In this 
case, the pretest estimate overpredkled the failure strain of vessel V-2 by approximately a factor or 2. 
implying that in this case the shape factor was loo low instead of loo high. 

The apparently coutradktory results described above led to the testing of additional '^-scale steel 
models of the vessels to examine the possible effects of flaw shape and si/e on the experimentally 
determined equivalent-energy shape factor. The results of these tests arc summarized here, along with other 
model and intermediate pressure vessel data used in the pre- and posttest equivalent-energy analyses of 
intermediate test vessels V-3. V-4. and V-6. 

In order lo calculate an equivalent-energy shape factor from experimental pressure vessel data. tiq. 
(C. 11 is rearranged to read 

r , K , c € 

P i V « d ' ' 

The value of K | c j is determined by testing compact specimens having the same thkkness as the thickness of 
the lest vessel in the region of the flaw and the same lest temperature as the vessel. The value of a a is the 
flaw depth in the lest vessel. The pseudoelaslk failure pressure p* in Eq^G.2) is determined by measuring 
two areas under the vessel's nonlinear pressure-strain curve, a calculated example ofwhkh is shown in Fig. 
G.I. The pressure-strain curve is assumed lo be linear up to nr beyond point A and becomes nonlinear at or 
beyond point A. By definition. 

( P A ) 1 _ 
(G.3) 

http://devetoped.it
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o o.i 0.2 0.3 0.4 as as 0.7 o.s as 1.0 1.1 1.2 1.3 1.4 
OUTSIDE SURFACE CIRCUMFERENTIAL STRAIN (%) 
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-*gr * * * - tc t i 

p % B aW parnate at pan* A : E A and Eg a*e aV areas aader aV C W O CM and OAK. re*r«*",,v*,y'-
M n rite dape of ate bac»* parawa vtf da? pwriiianmnw oaw winch a*ladrj. aV ^cpBcaf OA. 

E* rG4>byE%tGJ>aadi 

**'*JiA IG5i 

M can he teen rhat dse pniM A can be any fuwt am the aneat portion of dw prcsswre-straai curve. 
aaty lac Kate E* /E A affect* lac saw* of fy. Ifcc areas E A and E B can be S C M K I I by any 

jtainart scale. The aanl practice IS m pan lac pieman-strata curve na papa papci having 20 
. lo the inch ia both awcrtanw and rbeu lo count die uuwwcr of %9 X %m m. gnu law *aju.rcs ry ne 

i the curve. 
TaUr C I suuuaan/cs the exferaacafai data and *apc factor lawm that were once cither for utak ng 

ihe par- aad posttcsi equivalent snergy caktiaiiuas far Jateiawdsm m i vesscb V-.». V 4 . and V-**. as 
dawned in Chapter 4. or for the evaluation *4 few dupe aad a n effect* on lac value of he 
cxptijaunUij deuiaanid shape factor. The prcjsanj-atrain carves fee the specanem fated in Taafc C I m 
shown m Figs. C.2 dwoafk G.I2. 

The iquwahni-cncrgy nuttbod as dejeribed above rtauacj ihe nwasaraaea! of areas naier ftaalav.*ai 
cams, hat lias step van uiuaHy he replaced, ai least for checking purposes, by a sirajafclforward o'cuiatHWi 
based an a bihaear approxiataliou lo the pressare-sliaia cane with no sujmficaul loss in accuricy The 
initial elastic portion of Ihe bamcar cvnc is heal dele waned from the theoretical elastic equal** rebi ng 
pressure and strain. For the iaiiinwdiaic lesl vessels and iheir pmairf ricaHy sinaiar amdeis. ihc *tr*ighi Ine 
repreieniing ilm equation passes through the point p « 30 ksi. t00 * 0 I57T. and fits the experimental 
carves shown in Fig*. C.2 through C. 12 with negligible error. The position of the ttratn-harderone. branch itf 
Ihe approximaie bilinear carve can be chosen by visually balancing Ihe positive and negative areas ly np 
between Ihe actual carve and ihc bilinear carve. 

For a bilinear carve, such as the oar shown schemaficafty in Fig. C.I.-., ihe value of p* can he 
determined front 

" • • - / ^ • ' K ? ! •)• 
where ihc quantities are defined in Fig. G.I J. The relationship between Pf and the energy ai failure i* given 
by Eq. (C.4). Note thai when pressure is expressed in ksi and strain in percent, as indicated in he. 0 .'. 
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energy will be expressed in ksi*7. which is one-tenth «>l the value in psi. For ihe bilinear cuive shown in 
Fig. G . I3 . the strain corresponding to a given energy- t d . I'or p j > p Y • is given by 

e » . = * » v m f m Pv ' • Y iG.X> 

where 

m : 
M' l»Pf'PY> '1 

(G.*» 

Here. M' is the slope of the strain-hardening branch of ihe bilinear pressure-strain curve and the subscript d 
identifies the thickness of ihe component, which must he geometrically similar Co the model tested. The 
pressure corresponding to a given strain for a bilinear pressure-strain curve is given by 

P " ««» • • 

for P j < p Y and by 

p = p v 11 • m f e , 0 f9y)\ 

forpJ>p v. 

IG.IO) 

( G U I 
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fhe hiln,c.:i approximation method described above was used to check ihe values of D, given in Table 
III. Table G 2 gives the values of p* compuied from fcq. lG.7) based »m bilinear approximations lo ihe 
prevsuie-NiiJin cuives of each of the specimens listed in Table G.I. The maximum difference between an 
approximate value and an aciuai value is less than *>•>'. and :he averse ot the approximate values is only 
0.2.»': different from the average ••! the actual values This is considered lo be an adequate check on ihe 
values ol p,* given in Table G.I as well a> a demonstration of ihe utility of the bilinear approximation 
method. 

TaUr <;.2. bftaules of pj* by the hifcatir apptoxiantioa •wlfcud 

Mtxicl .>r 
VesH."l 
Xo. 

p> 
<k*o 

•«r 
iktii 

» 
Pr 

(Tabic G. l t 
lkM> 

V I - A M ' • 2.2 28.8 i.fr* 0.150 136 140 
VI-AI- I - 32 5 284 l.9o 0.148 146 149 
V I 2KK 27 6 f>9 0.144 94.4 95.5 
V2-AI-B 35 0 287 2.30 0.150 164 1644 
V2-AI-I- 36.5 29 9 2.49 0 156 175 170 
V3- \4 31 5 26 2 2.75 0.137 172 169 
V2-AK" 33.0 290 2.00 0 152 150 142 
V2-AI-I- 33.5 28i« 2 13 0.150 154 155 
V4.fr S4.fr 29.8 3.00 0 156 190 197 
V4 4 347 30.0 323 0.157 197 204 
V4.2 32.8 28.5 1.70 0 149 137 I3S 
V4.1 33 1 277 2.20 0.145 157 153 

In older '<> invcsiigafc the effects of flaw shape and size on the equivalent-energy shape factor for 
surface flaw* in pressure vessels, the flaw dimensions for the V7-scale steel models listed in T a b l e d were 
."inverted to rhe llaw shape ratios a -b and the Haw depth ratios a t listed in Table G.3. with the results 
plotted in Fig G 14 The initial implication drawn from Fig. G 14 was thai the e<,uivalent-energy shape 
factor is quite sensitive to llaw si/e and shape.3 However, because the effects of flaw si/e and shape shown 
in ihe figure arc something less than systematic, another possibility was considered, namely that C might 
vary systematically with failure strain. Figure G.I5 shows a plot of the same shape factor values used lo 
plot Fig G 14. but wiih the independent variable being failure strain and ihe parameter being flaw si/e. In 
Fig. G 15. there appears i.> he a consistent relation between the flaw si/e and the value of the shape factor 
for j given failure strain. The shape factor tends lo decrease as the Haw si/e increases. Because of this 
apparently consistent Irene "'e curve for a flaw depth of 0..'2 in. was drawn by linearly interpolating 
between ihe points ccrrespondmg to Ihe other flaw sizes The shape of this curve leaves III lie doubt thai for 
ihe V7-scale sieel models of the intermediate lesl vessels, the equivalent-energy shape factor for a given flaw 
si/e is noi constant but decreases with increasing failure ..train. It is also apparent from Fig. G.I5 that the 
equivalent-energy shape factor could easily become equal lo ihe eiaslically calculated value of 
approximately I (> as the failure strain decreases and approaches the elastic range. The fact thai an 
equivalent-energy shape factor si ill less than Ihe elastic value agreed with Ihe lest results from intermediate 
tensile specimen 15 (see Appendix F). which failed ai a gross slress well below ihe yield stress, does not 
aliet this conclusion, because this result was due to a condition of partial transverse restraint thai developed 

http://V4.fr
http://S4.fr
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* • * tew *tf and nit tm*M$im.4lMk mat 

vneeb Icsntd M v m 32 and 24Wr 

MudH a 
1 

a 
2b 

C 

vi-Ai-r ».37* 0.22H ISO 
VI-AI-I 0.37* 0.22S 1.41 
V2-AI-B 0.423 0 31* 1.13 
V2-AI-K 040* 0.302 1.10 
V3-A4 0.353 0.21* 10* 
V2-AI-C 0.435 0.33* 1.31 
V2-AI-H 0.435 0.30S 1.20 
V4.* 0 30* 0.29* 1.23 
V4.4 0.294 0.301 1.22 
V4.2 0.5 IS 0.3S2 1.3* 
V4.I 0.3*5 0.235 1.45 

0 « N l DWG 75 9807 

2 0 2 5 
FAILURE STRAIN l%> 

Fie> G.15. Vartaliow of experimentally determined equivalent-energy skape factors for surface cracks in OJU-m.-thkk 
model pressure veMers of A50R da» 2 forging Med wMn failure strain and flaw me. 
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in the tensile specimen but that does not develop in the » J U »»t a {Messme vessel. J> e\plait:ed m Append;.-. 
E. Considering ihe foregoing results, it is apparent that 'he overestimate »i the t;::!uie -tuin ioi 
intermediate test vessel Y-2 b> the prelect equivaleni-energy analysis »a> pioh-biy n>'i due i«> yield point 
phenomena, as implied m Appendi\ H of Rel". I. but rjihei mainly ii> ihe variation K| the eqiiiYaSeRi-ener.̂ y 
shape facut Willi failure strain. However, this variation is not explicitly considered in JII> ••! ilie 
equivalent-energy analyses discussed elsewhere in this report 
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Appendix H 

DEVELOPMENT OF THE TANGENT MODULUS METHOD OF ELASTIC PI.ASTK 
FRACTURE ANALYSIS 

ABSTRACT 

The method of elaslic-f^asiic fracture analysis dismissed here is hased on Neuber's equation, fur 
estimating the actual stress and strain concentration factors of a sharp notch in the elastic-plastic ranee. The 
innovation in the analysis is that the basic equation is -vritten in terms of the increments %>f stress and strain 
instead of the total stresses and strains, because the former approach is known (o provide a more accurare 
description of clastic-plastic behavior. The use «•!' Neuber's equation as a starting point allows the effects of 
oicra!! geometry on notch tip behavior to be accounted for by the elastically calculated fracture mechanics 
shape factor. The result is a simple differential equation that can be directly integrated, provided that the 
effective tangent modulus in the net section can be estimated as a function of the nominal strain. I > r flu 
purpose. She average tangent modulus across the net section is used as the effective tangent modulus, ami 
the method of analysis is called the tangent modulus method. 

The fracture criterion used in the method is directly related to the value ot K| v and therefore to tl:^ 
results of both standard and small specimen testing. Because the relation between the average langen* 
•"odulus across the net section and the nominal strain enters the analysis. p'edi ted fracture strain* .ire 
uiRctioris ot i.oih the shape of the stress-strain curve and the nominal sir .in gradient. These effects hm-
been observed experimentally, but they are not predicted by other methods ot fracture analysis presently 
proposed for structural co-nponerils. 

The method has been succcs»f>illy applied to the analysis of both large and small surface-crocked itnsile 
bars and a series of model pressure vessels containing surface cracks. Differences in transverse rc^rramt 
between the*: two types of specimens have hceii observed, and these difterenco ;an be accountct' I T in 
the analysis. The method is presently believed to be a potentially rational and pra<.i:-al met nod «•; 
elastic-plasif: fracture analysis for structural components. 

Introduction 

The need tor a method of fracture analysis applicable in the elastic-plastic range of strain became 
evident at the outset of the IISST program. Randall' " proposed and carried out a series ->| experiments 
that were intended to provide the basis for a direct experimental approach to the problem, but it was 
generally anticipated that eventually analytical methods would also be required. Randal', i grovs strain data 
•or surface-cracked tensile and bci'd specimens provided an unusually clear and complete picture ot fracture 
behavior in the elastic-plastic range. In parf;~ular. it was revealed that, for surface-ciackcd tensile specimens, 
the variation of fracture strain with temperature above the yield sfrain displays some important Irenes not 
predictable by simple extrapolations of linear-elastic fraclure mechanics. ' ' 2 ' 4 As shown in Fig. II.I. the 
most interesting and obvious feature of Randall's gross strain data was a very abrupt increase in the gross 
sec-ion strain at fracture, under tension loading, over the range of strain corresponding to the yield plateau 
of the uniaxial tensile stress-strain curve. (Materials without a yield plateau diJ not exhibit this 
phenomenon.') Since fracture toughness is a continuous function of temperature, such a discontinuity wis 
not expected to be predictable by a method of fracture analysis based on a relation between a continuous 
function of total stress or strain and the fracture toughness. In addition, since no such discontinuity had 
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n»Nii. >**•&• ml %J*m.*mpmmbnamnmASii.f*t*. 

in cither Charpy V notch unpad energy data or dynamic-star test data, it was evident that aw 
effect of strain gradient on fracture strain should be poslubicd ami that an abrupt increase « fracture 
awaajnaaanj W P I n VvUBw^BnjguBjjUBjgjK. flBBBj0^ovaB) mujp% ujnj> Bnujwdn̂ BB ĵpBjveaai uVJpW/ eamn> wuiamj Ujau. fjew ûumjBBBUjBKr 

h oner to predict an abrupt rise in tfce fracture strain v» Itmperatwre curve through die strain ranee 
corresponding to the yield plateau, an incM mental analysis rather than a total strain analysis appeared to be 
mare jppropriMc. In addition, a function jawpatibh with an incremental analysis and rtbtabk lo fracture 

required as a factor that can become distowtinuous at the extremities of the strain range 
;lo the yield plateau. The most obvious function that meals both of these leiwireiutnts is the 

tangent modulus of the uniaxial uresvstram curve. A»sbo*nm Appendix C of Ref.S.ihrs function can be 
incorporated as a factor in a differential equation that relates the notch-tip strain inclement to the flaw sne 
wY^PJJ) U*JF wpuB> Bw âû aaBjUBBBj jjajpaaaaaj nwaa f̂ljw^gfjwa^gno, gog uguej g*jWjHn>gmjjnaj gauj uujeaj f B j a / v ajwaaoa a>ejnujBwjBjgujawf noj 

dr>^» 2 C \ / a " / ^ « , (HI) 

where c - notch root strain, p • notch root radius, C » linear ehutic fracture imxhamcs shape faclor in the 
expression for K|. a • crack depth, E, «tangent moduhr wrrcsaiindmg to the nominal (gross) strain X, 
£* »tangent modulus at the bast of the notch, \ • iwmtoal stram at the location of the fhrw. 

It was not immediately obvious whether Eq. (H.I) should be written m terms of die net or the gross 
section strain. Initial applications of the equation did not explicitly awnJder net section effects, although H 

\ v 
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wWfciw A * main range of the yield plateau. This fact, that the effective naive of t r may be greater than the 
M modulus of the uniaxial strenrstrain curve, is probably dW to ihe devcJopmcnt of sirain gtadienB 

the net Mction and the restraining effects of the regions abnvc and below the crack plane that are 
lower stress than the net st.-tion. It thus appears that the value of the effective tangent rnodulns may 

he a characteristic of the volume of material containing the crack plane and not just %A the crack plane 
Kant. Presuming Ikes to be the case, the tangent modulus fr in Rq. ( I I . I ) was redefined as an effective 
tangent modulus, a quantify that need not necessarily be equal to the tangent modulus of the uniaxial 
stress-strain curve at a gmm value of sirain. On the other hand, for tension loading, the relation between the 

i net section stress and strain was slnl anamed to be the uniaxial stress-strain curve. 

http://ASM.pt*
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There was no completely analytical procedure available tor determining the value ot the effective 
tangent modulus that exists during initial yielding of the net section. Therefore, it was decided to evaluate 
F , empirically by compaung trial calculations with several sets of experimental data obtained under 
dillcrent testing conditions. Thus, the overall approach taken was semiempirical. Rather than attempting to 
complete!} prove all the assumptions made mathematically, it was considered just as constructive to 
adequately justify them by comparing calculations with experimental data. The remainder of this appendix 
describes the developments that have been -iiade thus far in the tangent modulus method, a significant 
portion of which was accomplished in preparation tor the pretest analysis M intermediate test vessel V-4. 

rSecewnr linear RepmentatnNi of the Stress-Straw Carve 

The integration of the right side of F J . I I I . I ) can be made particularly straightforward by 
approximating the uniaxial stress-strain curve with a series of straight Ibtes. Figure H.4 shows sucl an 
approximation Ua the true stress-strain curve of A533. grade B. class I steel. The true tensile stress S shown 
in Fig. 11.4 is related to the engineering stress S' and to the strain X by the equation* 

S = S'e* . t l l .2 l 

For A5.?3. grade B. class I steel, the value of the ultimate tensile stress Sj,n is approximately 87 ka. The 
use of a value of I * - fi»r the necking strain in Fig. H.4.. in contrast to the value of approximate!)' I(TT 
indicated in Fig. H. I . is not considered to be a serious discrepancy in view of the usual variability of this 
quantity. 

Pi£ NL4. ftrcewMf fcw BW i n r «rA5Jj.i r§ .r*a«l MvH. 
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From Rg. H.4. die wtee of the tinjrat mudahu m the strain hardening range of strain E» jserolnaicd 

(110-1.5)10'* 

SBKT ike cfattic awdbfen itf sMd it | 

E * 3 X I 0 T p a . IH.4) 

a convenient and swffkkntty accurate atvro&imalioa fur the ratio E/E, should be 

~ - l » . |H-S| 

This ratio win be used Eat the wuhiri to he discussed taiet in das 

NotdtTin Slum. Fockft Taanbjs»«.anJ T. 

it B not yuiBbii to uVicrnunr the tabes of tin; notch n ^ straht f and thr aoh& loot radius 
0 separately, it Bpossak to dtuiniine aw hwpurtani cornbjnatiun of these factors. « y £ by jnunramn; the 
rqjw side of Eq. I H I )i The quantity <V»". fcnewn as the much ductttly factor.* Bdncvtly rclaiablc to the 
value of the fractme toughness as coinentionaly measured. This fdatioMfesp is iilabhjhid by 
the integral of the rsjht side of Eq. (H.I | with the bask equation at unear ctastk fracture meet 

K^'CSfyfiu. (HAI 

the rcsuk of a fracture wjivhanin lest conducted m uto linear clastk range. Dnafcnf birth 
of Eq. Utoiby the dank wuduhu E aa 

where, for iwwual boding, the straw \ is rctsKd to the stwssSby 

31 *—. I I U l 

Fur fannre under nominaty cSaslk tundnnini. the wntgpjl of Eq. f H I ) | 

Note lhat in integrating Eq. 1H.I*. the tin of the crack is anwned to enter the straw hardening range 
numediately. Therefore, for aH the analyses lo be discussed, the tangent muduhu E, at the tin of the crack 
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set c q ^ to £,. Surra* Eq. (H.9) for X, gives 

IH.IO> 

Then. equating the tight sdcs of Eqs. (H.7) and < H. 10) gives, after rearranging, 

U n * fcq. <H.5». Eq. IH.11 > becomes 

20Ar / K , \ 
€ , ^ = - 7 ^ 1 — ) . <H.12) 

and, for X v = 0.2 ley;. Eq. | H I 2 | becomes 

«i Vfi • 2.43 X 10 * M j . <H.I3) 

Thus, the notch ductdity factor at fracture. t | v S is directly proportional to the ratio K c/Sy. This 
relationship b asmmed to hold rcgardkss of whether the nominal strain at fracture b in the elastic or the 
plastic range. Therefore, the value of the ratio KJSy corresponding to a given value of the notch ductility 
factor at fracture b drtermined by rearranging Fq. (H. 13 Ho read 

S" * 243X10- i H A 4 ) 

Tn determine the temperature corresponding to a given value of the notch ductility factor at fracture, a 
rebtnimhip between the fracture toughness and the temperature b needed. For AS33. grade B, class I steel. 
the variation of the stalk initiation fracture toughness with temperature can be expressed to a dose 
appnMNuatioR by the equation7 

K. Af 

S T " T — ' < H , 5 > 

where Ku b the plane strait fracture toughness. At » an empirical coefficient having a value of about 
125'F^/m -. and T — bth? temperature at the onset of upper-shelf conditions, whkh rot A533. grade B. class 
I steel b about 12S*F. Solving Eq. |H.15» for the temperature T gives 

T " T - T I T < H , 6 > 
* V * v 



J40 

I: the value »•: the fracture foughnevs '•>; i given set ••' conditions is *v!;c\ed r.ot t • 'v the plane stt.ii!-
value. l-q. III. (Mean be modi tied to read 

\ , i k K| I 
T = I — ill l"i 

k Sc 

Thereti're. the temperature corresponding to a given value • •' the notch d;..!ihtv "actor ;i rrj«t.;:e cat: re
determined bv applying lq>. ill.14k and llf Ink .<r til. I I as lodged appropriate I he •.iete^-'iitatio!: .--
whether or not the value ot the tracture toughness applicable •>•)• -.id he the pia'ie -.tJaii. v.ii .c at:J the 
procedure to be used for estimating tiie ratio K k t . :t tie "ded. vvi!: he discussed later, .lionv with :lie 
results i'i the irul calculations to be presented 

General IK-firalion of the tffevlive I ante" I Modulus 

In order to integrate the right side %>I I q. ill.I». the tat.gent :;iodul i> I :;riisi K- s;.o»-i j - , . , -,;:•..ii • •: 
>>t the strain .V It tliere is no strain gradient across (tie no: section, the fangem' rtiodtii.i- -igb; 'v estir.'-itcd 
as simply the slope ^i the tensile stress-strain curve at :1K current value oj nominal strain However, i! there 
is a strain gradient across the net section, the :an<?-ttt modulus will al*» var. j . tnv 'he tier v,ti•••; 'rue 
yielding has occurred. l;or this case, an es"i. .«.e of the tangent modulus based -«n jiidgrvcut appear- '.•• rv 
required. Therefore, it was decided to estimate an ettective value o: the tangent :tv->*l.:l ;- a- the ,:'.e:.i--. 
tangent modulus across the net section, assuming a lincarlv varung strain Jisirib.;ti- i Bv '!•;- .:.'u:iti. ; 
the equation; that determine the effective tangent modulus arc 

/ ' <dsd>.)d\ 
o 

I., = I M . I M 

and 

;\ = ;\„ * \ . til !•»» 

where t is thickness of the component in the region of the (law. \ is a distance me.isiire.l in the thickness 
direction, and .\„ and «\, are the nominal strains at the front and the back surfaces ot the cracked section 
From Iq. III.W). 

dx = ^ — — <» •••-•>• 
"l ' o 

Therefore, substituting Kq. III.20k into I q. III.IHkand integrating gives 

S, S„ 
l r = . H C l f 

" I •"0 

Consequently, (he effective tangent modulus is the stress difference between the trout and the ruck 

http://stt.ii!-
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For X > \ tihr strain-hardi une. range I. 

tf = F, . i l l .^»| 

anil therefore, kiting ^X = X AN. 

±iy/p = Xy/*& *,» HI.30I 

The total value of thr notch duct*!) factor at a men value of nominal stram is the sum«»»the inciemental 
values thai occur uf to thai vahte of strain The tact thai Sc^is zero in ihe tiansttitm IMQC of stuir x» 
indicated by Fq. (H.28K raphes that for pure tensile loadmg the Ira-lure sitam will undergo an abrupt 
increase from the yield *ram to the strain at the onset oi strain hardening, at Ihe temperature at which 
initial yielding and fracture coincide. Furthermore, in the straw hardening range. :he increase m normnal 
strain required to produce a given increase in die notch ductility factor b ten limes the value that would he 
rearmed in the elastic range. 

For the case of pure bending, the solution in the elastic range is the same as lor pure tension, as given 
by h | . (H.261. In ihe elastic-plastic range- ihe solutions are as given below, with A representmg the surface 
bending strain. 

For > > « . » < A, line transition rangeK 

S v 

F 2 = F ^ = — . «H-*II 

and therefore, by direct integration between che limits Ay and A. 

•A* yjp = 4C y/f /-^ly/XXy' A v » HI-Ml 
\ * •-% 

For A > Xs |ihe strain-hardening range). 

F* F W l Aj 
- = ~ = . * T . ,1133, 

where 

A* = —- A,. (11.341 
F-» 

Corrscquentlv, substituting Eq. I H.33i into Fq. IH. 11 results in an integral, the value of which, for the hmits 
A, and A. is 

•Vr y/ps Xy/z 
__ / V* • v* • >a 

iHJSi 
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The curves of fractefe strait «s MsafrratMre lor the ah aWd cases of | 
• Iht aaiwriliiia da* 1^ = K|v aMioaM».<ll.l4K<H.I(»l.aa4(HJ5>liMuHfli|IU5». are shown 

M Fa>tL5. Aaushoaaby dsr awaH can* • Fig. H.S » a * areActiua of fcaeai elastic fractal* rarch-aan 
euraaulaMd awo the abate raagr. Several ancurtaM R a t e are ataie eviatat by Fig. H.5. First, the curves 
for pure ifiinw aai pare beaaag arc art the sane, nor do ihey have me sane shape. The beaaMf cane 
dues ant cxhAai a swMea me m fractate atraai daoaah die straia raaje of die yiehJ plateau, because the 
effective taajeat awauhnai da •reseat* of sstwg»ihnit b a r m aero. Also. uWhraiiai, curve suietp* 

I 
o 
3 

I 
3 
m 
& 
! 

L-Mac 

i 
Tl 

1 
ENaHE 

~ \ i i 
NGSTftAa*~>. 

t§ /III 1 7 IS • - 2 J S i a . V A * * - l ( r ' K f c " , J * • - 2 J S i a . V A * * - l ( r ' K f c " , J * I I 
1 

K 1 

3 

r 

1 

— »» J - . 1 — ^ 

f 1 
/ / 

/ / 4JMTM6 
j 

f 1 
/ / 

/ / 
CASE OF 

/ / U M 
' NCSTfMHlT 
(FftACTUftf 

Aft 
FT 
J lATNAfOlATED HiTC 1 r-n mnm crew MGH 

V r 
• 7 — a. y / 

• 7 — a. 

T W M A T U P * r*F> 

fta-M*. MMMaaaaa* 
aTA»»>.«aJrfc«ba»|i 



244 

upward at higher temperatures thvt the tension curve, because the effective tangent modulus m bemlme 
eouab or exceeds the effective tangent modubri in tension ai a i stiam levers. Second, the curve '.cpresentme 
the txtrapobtiou of anear clastic fracture mrrlriwici into the plastic range comes chose to the bending curve 
but not to the tension curve. Third. coanakaoKs by its absence in Fa;. H.5 is any atdWjiion «t why 
experimental gross section fracture ttnsns should rnaam consuat. nisi below the yield straw, twer a 
considerable range of temperature just below the traasstson temperature for tensile loading, hi das regard, 
direct re mining iadkntes that, in a surface-cracked lemnV specimen of finite dunens>i»n». the puns *rvt»Ht 
and the net section cannot have the same areas and therefore cannot yield simuiiarte.HisK. While the net 
section is yielding, the gross section stress and strain must reman constant, nui below the yield pomi This 
and other net section effects von" now be considered. 

C i a n b n w a ^ " a r t b c t a m E H W s > m " t m f ^ i ! " • • ! « • 

The preceding analytical results indicate that the tangent modulus method has the apparent potentiJ n$ 
being developed into a realistic method of elastic-plastic fracture analysis tor structural components 
containing surface cracks. However, before iMs developineni can be considered adequate, ceriam additional 
important aspects of experimentally observed dastk-plastic fracture behavior must be CixmuVreU In 
particular, in the hypothetical example just consideicd. in which net section effects were ignored, the 
fracture strain-vs-temperature curve UH pure tensile loading one abruptly ihroucji the straw range ••! the 
yield pbicau. Such a variation of fracture strain with temperature has actually been observed in the gross 
sections of real surface-cracked tensile specimens, and it can be explained or. the basis «>l cuuaibrnirii 
considerations atone. However, as shown in Figs. I I . I and ll.3b. the net section Iracture stiatr. in 
surface-cracked tensile specimens does not exhibit this phenomenon. Furthermore, because the gross 
section stress and strain remain constant i t values just below the yield point whne the net section fracture 
strain traverses Ihe strain range of the yield plateau, it can be deduced that it is the net section strain that 
directly governs crack lip conditions and that should be represented by the term J in F«i. ( I f 11. In addition, 
since the net section fracture sttain-vs-temperatwc curve does no: rise vertuaiiy throug!> the mam range of 
the yield plateau, it follows thai the effective tangent modu.us for a real surfaces racked tensile specimen i> 
not zero in the strain range of the yield pbteau. This implies the existence of a straw grada-M across the net 
section, a fact confirmed by Randall's experimental data.' -* In fact. Randall found it n»vessary to use 
special adjustable grips for loading surface-cracked tensile specimens in order to minimize the bending ihaf 
would otterwisc occur across the net section because of its eccentricity with respect i<< the hne•»? aciion of 
the apphed load.1 * No such provisiom were made in the design of the gripping devices tor the larger 
mtermediale (ensile specimens.* and significant strain gradients were measured acr«fss the net seciums .>t 
these specimens. 

tawing established that net sectiuK eccentriciiy is the .iwst likely cause of the observed continuous 
variation of the net section fracture strain with temperature over the strain range of the yield plateau, a 
consistent explanation of the elastic-plastic fracture behavior of surface-cracked lenstJe specimens can now 
be formulated. This explanation a sumnurwed graphically and schematically in Fig. M.6. The ne; section 
strain and the gross section strain curves shown in Fig. H.f> are separate because trf the area difference 
between die net and the groat sections. Ai the temperature T ( . the net section yields: between the 
temperatures T , and T j . the average stress on the net section is the yield stress, and the net section strain n 
between the yield strain and the strain at the onset of strain hardening. In din temperature range, because 
the load remains constant, the grow section strain remasm constant, at a value just below the yield strain. 



MS 

TfMPfMTuM 

HMA « « *•! 

At die UiifKijnwc I j . Ike net stctioa 

sect Mm straia mmmtrndf increases lo da; «• 
ifcrrcfafc Ike "loaatioa tcMprraswe" of n> 
strafes and nW gross section strain are m ike 

lo 

T,.tkegroi 
of A * strain M OK onset of m a havavstaag. fT» is 

»Akowe ike iimniralwe T , , kodi tfct aw i 
Ai mi afcoreUn; uiaiiliiii T4,i 
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which scripts conditions just prior to dKonsttofstramhardcninf at die cracked fact, 
stress and strain at the bacfc face remain constant in the elastic rawft aa yteJdmf processes it 
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cracked fact. Equation ( H J 6 ) has been used successfuly to estimate the effective tangent modulus 

throughout the transition range of strain despite its obvious theoretical shortcomings. 

The net section stress gradient shown in Fig. HiJ is determined by finding the linearly varying ivminal 

stress distribution which, considering the area removed by the crack, still maintains the line of action of the 

applied load at the midpoint of the gross section. Referring to Fig. H.8, point C is the centroid of the crack, 

which is assumed to be semieltiptical in shape. The distance g is the distance from the front face of the 

specimen to point G, which is given by 

* = 3 ^ a -
(H.37) 

Defining 

I t 
(H.38) 

it follows that 

k - I Mf) (H.39) 
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For a scnNetsptkal surface crack, the crack arcs is give* by 

(H-42) 

(H.43) 

where a and b are the crack dimensions defined in Fig. HJk Eolation (H.42)|>es the nhw of AS^/S to be 
used for caicutsting the cffccim tangent iwodnhu in the transition range of strain, front Eq. (HJ6 )L 

The vahwsof A|. A } , jnd Aj are determined from cp^nhbrann and the stress-strain cone, sjnoring the 
effects of net section eccentricity. Since the load is the same on ttte itet and the giro sections. 

S g A - V A - A , ) , <H.«4) 

where Sy andS* are the gross and the net section stresses, respectively. For detcrmningAi, the net section 
stress is the yield stress: to that 

and 

* i 

WAi) 

(H.46) 
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tK44K 

V -<«04). 
S*li -v*.(x). 

IHJO) 

I K 5 I , 

and 

5*(M 
E. \ A / A»->,--r-l-r#- O"** 

Note that because Eqs. (H.50) through (H.52) arc written in terms of the nominal rather than the true 
ultimate lensde stress, the poinl (S,.. . fc»> wi f faf dajfctty below the approximate true stress-strain curve, 
thus approximating a point on the nominal stress-strain curve. 

Analyses of 

of the 

Although the experimental data from Randall's gross strain tension specimens' originally motivated the 
development of the tangent modulus method, these specimens were not the first to be successfully 
analyzed, the reason being that the experimental steps taken to minimize bending due to net section 
eccentricity caused the effective tangent modulus in the transition range of strain to be initially difficult to 
estimate. The first surface-cracked tensile specimens to be successfully analyzed were the first seven 
longitudinally oriented intermediate tensile specimens tested by the Southwest Research Institute* for the 
HSST program. These specimens were fabricated from A533, grade t . class I , stcd plate and had gross 
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The corwipundwf definilkMi of fit is 

»c « - - (HJ6> 
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Til* fetation btlwaaa P ^ / K ^ and l/f c a shown tjsahicaay in Fig. H.10. Tide rctatiow is dinwaiJ in more 
detarJmlUf. 7. 
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so that 

— - - < l . 4 | , / * l * * / * » l . 05V^ ' J • I H . 6 I ) 

By comparing Tabk H.3 with Fig. H.5. it can be seen that one of ihe results of considering net arction 
effects his been an increase in the transition temperature for a 2.25-in.-decp crack from 73 to 90* F. In 
order to obtain the agreement between analysis and experiment indicated in Fig. H.9, it was necessary to 
consider Ihe actual crack sizes in the test specimens at maximum load. Some of these crack sizes were 
estimated by examining the actual test specimens or photographs of them, while the crack dimensions for 
the other specimens were taken directly from Ret. 9 . as indicated in Table H.2. The crack size at maximum 
load in intermediate tensile specimen 4 was estimated as the average of the values given in Ret. 9 for zero 
and maximum kx>J because of the experimenter's stated uncertainty concerning the correct dimensions. In 
any case, it is evident that stabie crack growth prior to maximum load should be considered in an 
elastic-plastic fracture analysis, at least for large cracks. (See also Appendix D.) 

Evaluation of Strain Grailnrt Effects 

As indicated by Fig. H.5. the tangent modulus method predk's that the fracture strain for a given 
surface crack geometry should be a iction of the strain gradient in the region of the crack. Furthermore, 
the analysis implies that as the stra> idient becomes steeper, with the maximum tensile strain occurring 
at the cracked face, the fracture strain should decrease, approaching the strain predicted by linear elastic 
fracture mechanics. This hypothesis was tested by Randall,**1 * using surface-cracked gross strain specimens 
of A533. grade B. class I steel loaded with controlled combinations of tensile and bending strain. The 
results are shown in Fig. H.I I . which demonstrates that a systematic effect of strain gradient on fracture 
strain does exist and that the predictions of linear elastic fricture mechanics for the casr of pure bending, 
expressed in terms of strain and extrapolated into the plastic range, do provide a lower bound to the 
experimental data. 

The linear elastic fracture mechanics calculations plotted in Fig. H.I I were based on Eq. (H.7) and an 
assumed constant yield stress of 65 ksi. The value of the shape factor C for the case of bending for which 
the maximum value of C occurs at the front face of the specimen was obtains-.' from Fig. 12 of Ref. I I . 
Accordingly. 

Mi Mi 
C = — 5 — , (H.'>2) 

4> 

where 

{£}'" 1 » 2 » l + 4 . 5 9 3 ( — 1 (H.63) 

For a,'2b * 0.324, M, M } is about 0.95. -nd, from Eq. (H.63). <!> * 1.31. Consequently, using Fq. (H.62). 
C - 0.725. Because the test specimens were not subject (o any in-plane transverse tensile stresses, full 
transverse restraint was not assumed. '» 'eaa. -<"ter determining the ratio K | C /S Y from Eq. (M.I 5). the value 
of ^| c was determined from F.q. (H..'i-?» ar>" .he value of K c / K | c from Eq. (H.53). The value of K t / S Y was 
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then determined and used in Eq. (H.7). Thus, the linear elastic frxture mechanics curve in Fig. H.11 
contains an allowance for incomplete transverse restraint. An allowance for incomplete transverse restraint 
is considered appropriate for uniaxial tensile loading but not necessarily for biaxial tensile loading, as 
discussed in Appendix E and in the following section of this appendix. 

Analysis of 3- and 6.5-ln.-Diam Steel Model Pressure Vessels 

The analysis of the first seven intermediate tensile specimens and the evaluation of si fain gradient 
effects just discussed were performed prior to the testing of intermediate test vessels V-l and V-2. However, 
prior to these two tests, calculations by the tangent modulus method had not been made for any of the 
surface-cracked model pressure vessels that had already been tested. Nevertheless, as discussed in Ref. 5, a 
prediction of the failure strain for intermediate test vessel V-2 was made by the tangent modulus method, 
using the modified Irwin >5k. correction, assuming that the occurrence of plastic strain in the direction 
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normal to the crack plane would cause a decrease in transverse restraint and a consequent increase in 
fracture toughness. This assumption proved to be incorrect for the reasons discussed in Appendix fc. and a 
posttest analysis without the #, c correction, thereby assuming full transverse restraint even in the presence 
of plastic strain normal to the crack plane, proved to be accurate. In order to further test the resulting 
hypothesis that die #| c correction should not be used in the tangent modulus method for surface cracks in 
the cylindrical region of a pressure vessel, calculations were made for two series of small steel model 
pressure vessels that had oeen tested previously. These models were fabricated from A533. grade B. class I 
steel and had external surface flaws sharpened by electron-beam welding and subsequent hydrogen charge 
cracking. The experimental data from these model pressure vessels are summarized in Table H.4. 
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The value of the yield stress used for this analysis was 72 ksi instead of 65 ksi. and the strain at the 
onset of strain hardening was taken as 1.2% instead of 1.5%. because the later data for HSST plate 01 
indicated that these values would be more appropriate estimates for most of the plait in the temperature 
range of interest (see Fig. H.2). 

All nine of the specimens listed in Table H.4 had crack planes oriented perpendicular to the plate rolling 
direction. The failure strains cover the range from 0.164 lo 357%. In order to simplify the comparison 
between calculation and experiment, the test temperatures for the 3-in.-diam models that were tested below 
I25°F were adjusted to the temperatures at which failure would have occurred at the same strains if the 
models and flaws tad been of the larger sizes. This adjustment was based on Eos. (H.I) and (H.I I ) , which, 
when combined, imply that 

K c 
— * f (X)vT. (H.64) 

By combining Eos. (H.64) and (H.56), it follows that 

0 e

s - y l * W (H.65) 



263 

and therefore that 

K.. 
J7- - * * > (H.66> 

Consequently, by substituting Eqs. (H.64) and (H.66) into Eq. (H.17). it follows that fot failure at a given 
stram A. 

T = T . ^ ~ , <K67> 

where 

M < X > = A T | ^ . ( H i * ) 

From Eq. (H.67), it follows that 

T„ T 6 , = IT_ T 3 0 ) / _ ^ 1 . (H.69| 
v a *.s 

where the subscripts 6.5 and 3.0 indicate vessel diameter. The flaw depths in the 3- and the 65-in.-diam 
models were taken as 0.15 and 0.40 in., respectively. The resulting temperature adjustments arc shown in 
Table I I4. 

From Eq. (II.12). the relation between Kc/Sy and *, y/piot A v = 0.24" is 

Kv t , y/fi 
<H.70> 

S Y 2.71 X I0" 2 

Although the ratio of the crack area to the gross area was considerably smaller than that for the 
surface-cracked tensile specimens analyzed previously, some local bending due to the presence of the flaw 
was Mill expected. Accordingly, the tangent modulus in the transition range was arbitrarily estimated as 20 
limes the yield stress, or 1.44 X 10* psi. a value smaller than those used for the intermediate tensile 
specimens listed in Table 11.3. This value corresponds to a value of -iS^/S of approximately 207. Assuming 
a value of F, = 3.00 X 10* psi. the value of N/E^/E, in the transition range is 2.19. The difference between 
net and gross section strains was otherwise ignored for the flaw in the cylinder, because the flaw area was 
small compared to the gross section area. Thus, in contrast to the surface-cracked tensile specimens 
analyzed previously, failure at constant gross section strain over a range of temperature below the upper 
shelf was not expected, and the experimental data indicate that it did not occur. 

The value of C used for this analysis. 0.863, is the elastically estimated' value for the Haws in 
intermediate lest vessels V-1 and V-2. The transition range of strain was assumed to extend from the yield 
strain. 0.24%, to the strain at the onset of strain hardening in uniaxial tension. 1.2%. Thus (he analysis 
applied lo the model vessels was basically a full restraint uniaxial tensile analysis, assuming, in effect, a 
small ratio of crack area to gross section area. 
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The pressure at iaiure by plastic instability -n the upper-shell terapetatute range was estimated tor the 
6.5-w.-tbam model vessels by the method described m Rel". 5. Amimif a nominal ultimate tensile area of 
89 ksi. die How stress for faikireby plastic jnilabihty B 86.2 ksi. and the calculated la *W pressure is 31.0 
ksi. which agrees wei with the experimental dau listed in TaUr 11.4. Based on the etaslic-phatic 
pmsure-straiu analysis described in Appendix C. it can be shown dm in the fatty stnin4nrdened range of 
strain, the outside surface orcurnrcrcntni strain can be estanaWd from the equation 

A = 
-IP SyVn<r./r,H 

h i . r . r I litis; i UL7II 

where HSV is the slope of the straight Mne that best fits the initial portion of the stiani hwnVswng branch «it 
the stress-strain curve, taken here as 5.15 X 10* pti. and $V is the intercept of this hue with the etamc 
branch of the stress-strain curve, taken here as b7 ksi. For ra>r, * 1.444. Fq. 111.711 gnm an estimated 
failure strain of 2.29T. which is nearly a lower bound to the -•xperirnemal data in the upper-shelf rangr of 
temperature. Figure H.12 shows the assumed true stress-strain cane and related paumrters that were wed 
for this analysis. 
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Having developed an apparently workable procedure for considering the effects «*l' nei section bending 
and transverse restraint in surface-cracked specimens, an attempt was then made to estimate the transition 
temperature for a irrirs of (rati strain tension specimens containing 0.25-in.-deep surface cracks. Since net 
section bending in the lest specimens had been reduced experimentally by adjusting the specimen grips.' * 
ihr computed stress difference due to net section bending was arbitrarily reduced b> a factor \t( 4. 
Otherwise. Ihe analysis followed the same procedure and wed the same material pri>pcriies that were used 
for the intermediate tensile specimens discussed previously. The ratio of crack area to gross section area 
used was 0.10. and the linear elastic fracture mechanics shape factor C was taken as 0.90. The calculated 
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grow and net section strain values for the specimen dimensions assumed were obtained from Eqs. (H.46). 
(H.49). and (H.52). From Eq. (H.46). 

X, -0.216(1 -0.10)-0.195'* . 

The value of A t is 3.79%. at obtained previously from Eq. (H.49). for the intermediate tensile specimen 
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w*!i At/A = a i a From b|. IH-52). 
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The results of the temperature calculations are 
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n i l - , winch appears uurtc reasonable m comparison with the cxpenmtatai data shown ai Figs. I LI and 
113. In addiiina. noteworthy is the innd<in> • shape between (he counvwted net and (rots sectson fracture 
airaM curves shown m Fig. I t 14 and the experimental curves shown m ruj. H J . 

Tbe luregoing analysts indkalr that reasonable predictions of fracture strain for surface cracks can be 
made by the laupeM iiwduhn method. In this nstthod o» analysis. nVeffeco of suamgridir mi, transverse 
restraint, and the shape of the strcss-stiam curve are speedstaty conadeiad. The fracture criterion is 
dvectty rebicd to both lb* crack tip strain and lo the value of 1 ^ as conventional) measured. 
Furthermore, the linear elastic fracture mtchaniu shape factor C remains a constant for failure at a i stiain 
Irvrb bcluw the strait corresponding to the onset of ptastk instabiiry- Therefore, this aaaauty can be 
drtem.med by elastic analysis or directly by experiment and then appaed to the analysis of fracture 
cimdiiiuiH m the pfaatic range. In me cajurvaicni-caergy method, the experiwmtaKy detennined shape 
facttv appears lo decrease win mcreaang laamrc strain Isec Appendix Git whereas the shape factor C 
remains constant m the ungeni modulus method whie the effective tangent modulus lf decreases with 
mcrczsmg fadure strain. 

Airhotgh the tangent modulus met bod as described above utilizes several simpwfyinf approxanaiwins. it 
lakes into account several aspects of physical behavior not specifically considered by most other methods 
of elastic-plastic fracture analysis, and the results agree wei with experimental data. Ihe fact that ihe 
analysis is in cktaru form and can be performed by band constitutes a distinct advantage with respect to the 
lime and expense required to obtain results and the ease of interpreting these results for engineering 
purposes. Finally, the analysis indicates that Randall's gross strain tests.' s Derby's small steel model 
tests.' and Grigory's intermediate tension tests* have provided accurate and consistent experimental data 
that correctly describe the behavior «>i surface crack* in nuclear pressure vessel steels. 
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NOhKNCUUliK 

A (•ios»sectiu«iafca.a»: 

-\. Ciack area, m.* 

A| Material parameter. |- \m. 

a Crack depth, n . 

Il Thjckaess oi a through cracked test tpeonten. m. 

h Ifall surface length ot a part-through surface crack, m. 

C Lascar clastic fracture mechanics shape factor, dsmemioaiess 

d Distance Irum the back jurtace to the area centrotd of a pan-through surface crack, in. 

I- Muduius of elasticity, psi* 

¥r t-.ffectrce tangent modulus corresponding to ihe gross strain A. psi 

I n Tangent modulus at the base of the much, psi 

f . Tangent modulus ot the strain-hardening branch of the stress-strain curve, psi 

l - w . Secant modulus, psi 

11A» A funclion of the strain X. dimensiunless 

g Distance from the front surface to the area centroid of a part-through surface crack, in. 

g(X t A function oi the sirain X. dimensiunJess 

II Linear strain-hardening coefficient, dimensionless 

k| Elastic crack lip stress intensity factor, ksi V>n~-

k|c Critical value of K| for fracture initiation under sialic plane sirain conditions, ksi y/itx. 

Kt Critical value of K ( for fraci»rc iniliaiion under static bul not necessarily plane strain condi
tions, ksi y/in. 

Ki Ratio d/i. dimensionless 

MIX) A luncikwr of the sirain X. °F y/iii. 

M, Front face free-surface magnification factor, dimensionless 

M; Back face free-surface magnification factor, dimensionless 

P Pressure, ksi 

f| Inside radius, in. 

fo Outside radius, in. 

s True stress, ksi 

s' Nominal stress, ksi 

Sh Tola) axial plus bending stress 

Sr True fracture stress, ksi 

'fjiuniilir* hj»ir»jt ihe dimrn*i»n* of »i«» rpsi) may be ciprftacd in p*i or km. M convenient. 
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S| Noassaai fracture stress, kss 

Sy Gross section stress, kst 

Sj , Gross section fracture stress at the temperature T, . ksi 

S,4 Gross section fracture stress at the temptiifie T«. ksi 

S, Net section stress, ksi 

S. i Net section fracture stress at the temperature T*. ksi 

S» Stress at the front surface, ksi 

S| Stress at the bach surface, ksi 

Sun True ultimate tensile stress, ksi 

S |̂> Nominal ultimate lensfle stress. ksi 

Sy V K M stress, ksi 

SV Effectwe yield stress for a linear strain-hardening approximation to the stress-strain curve (see 
Fig. t i l 2 ) . ksi 

T Temperature. 'F 

T | Temperature at which the net section fracture strain equals the yield strain. "F 

T- Tempetature at which the net sect«>n fracture strain equab the strain at the onset of strain 
hardening. °F 

T , Temperature at which fracture and grass section yielding coincide. °F 

T 4 Lowest temperature at which the net section fracture strain equab the strain corresponding 
to the onset of plastic instability. * F 

T . Characteristic temperature of a material. * F 

t Thickness, in. 

x Distance, in. 

^ Plastic zone size parameter, dimensionleis 

0 I C Plastic /.one size parameter for plane strain conditions, dimensionless 

ASj, Stress difference between free surfaces due to bending, ksi 

•aSj, Stress difference between the front surface and the centroidal depth of a part-through surface 
crack, ksi 

( Notch root strain, in./in.' 

(( Notch root strain at fracture, in./in. 

X Nominal strain, in./in. 

X d Strain parameter defined by F41. (H.J4). in./in. 

Xf Fracture strain, in./in. 

X, Uniaxial tensile necking strain, in./in. 

'Sirjjn value* may be cxprnscd in percent, or in./in.. a* convenient. 
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f-nmt nut*:* Mian, m., m. 

Slraai at the u**et »rf *traia hacikMag. •»,/•»-

Rack Mulac* n « . M . •». 

Yiefcl sit am. m. m. 

(.rust section fracture strait ai the temperature T , . m.J'm. 

Net xctMN fracture strata ai IMC temperature T , . M - / M . 

Grofi secttm fracture strait 31 the temperature T * . M./w-

Nutcfc root r a i n . in. 

Empties! integral, dtmtiuwnks 


