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WI ABSTRACT-/-
. The objectives of the study progrm were to define and verity a synthe, is

-Strgt th-Iitin parameters- for fatigue cracked panels which woula be
a 4ptUble t-tewde range of conditions of interest in the engineering

f ~ problem of s~tgth amlysis and to present this synthesis in a form that
- I J r--_ou3d lead to a betterd onceptual understanding of the interaction between

The program consisted of an analytical study and a sun!angrt_ -erenta
ttudy, The -anayticd study, governed by the above objectives, considered
fracture in thb- .astic xange with buckling restraint provided, fracture com-

b~c~5dt~ ne _ n~ ~OBBsbecon yielding, sud fractsixe in the elastic
-rge--for unr-eained panels. The design problem Involving apprec-able
-mounts of slow eara~s also considered. Th( exklmental progam provided
supporting info4,ation on the behavior of fatigue cretics for bare 2024-43

- - - -alumim. Limitad tent data were elso obtained for duple: annealed titanium
-&l-lHc-lV, The .luminum alloy crack lengths ranged from ,5 inch to over 10
-inches. Panel widthq were thirty, twenty, twelve and nine inches, and nominal
panel thicknesses were .080 inch, .063 inch, and .032 inch. The tianium alloy
p= In widths were t%.Ive and nine inches, and thicknesses were .045 ribch and
*020 inch. Bucklir restreints were used for approxi tel. half of tue panels
testede

1 - Test -ifomatlon Iro& ethr aources was used to illustrate specific
points- in theory and to show the generality of conclusions.-11
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I INTRODUCTIM'

Dluring Une past several years, thoe has baen coittd4orab-tt udacmeti
the concepts of fracture mechanics anid i'a-ithe apjlicst-ion ejt these- concptsto
the problems of taterial evalialtioa1 . in tche dpig canes- where-~aivl
zmall flaws are presenlt at the onset of 'fractu-- e, # ftactitte ecais- aptf~
hat) also proven valuablg2 . However, foX dgaign ihd 4tkeog6h w-viluAti~his lJorz
those relatively ductile sisterials -of post Intftcest for kicftt -structure,
largeor flaws or fatigoe cracks, are twre 'likely-.-t6 izzf ihteret. Forthse
larger flaws, parameters not nornally consider-ed As part -i ftke fiateials
evaluation can have * signitficant influeb1ca n h eutn-srnt,.Tu
while materials evaluation studies have for tbeimo_ li~t .eo~d -h frctiP. - i
mechanice cor~ceptsp many of the-suismr ie~y __ ___

a! evaluation -have -chosen elternate a1i-prPAchuwL~ ai h .iout
of additional variableq3 p4 $5 96  One ofthe lenemtbdthnoh
strength analysis mothodS*6 has -ibund: favor 'for Its abilit*--to, evalulfte t1hqe
strength reduction reaultinhg, from fatigue, cracks for thse 6A ses iwherie genferjtl.
yielding acc6cipanies -fracture and also for thobse cases -.where -buckling occurs
due to tbe pkenence -of a fatigue crack. The' notch ~ilysi tho-e
of an effective radius concept. and, .- thus,1 the.ifomi-tidP.sul ateed.-
during -material evaiuiation studies kase4 o~n rtarmchn.cietsino

* ~useable. Data from which the inflWene a of xeneral-y4edfg ad-aelbcln

can be determined ar* aeldom-kvailable. -

In order-that, the- bulk of--infoimation nw' --b.Ugil edonfrctr
strength be more applicable to design- oienad -Proo1; "L5 ~ imertndn
of the influence of geometric vakridbles -isbt he. -attaiie- and de in:-xathods
using this understanding in cnudo ih r ucaiscnet
soubeve 4xpireda t~e S_
sodbeIV in-lord.Thprgm eotdieenhsb dak dhbs

t~- Y

- -1

I -- - <li



£b it~eni~ofgross sedtiton yielding and panel buckling or, t atressI i~n~ 116~r tlhtfid of tabi -tear in i~i pr.ls is Presented in the form
of di!Fai ~iire '29) Mbvj-ng -tree non-dimensioual azzma representing ulti-3 ~ stengh lueklastiLc fracture and'tho iznluefices of panel. buckling.5 he -a fE~airaedsgeeion the dia &flogram a Va.ow

Zoet-~' Cracks -The beginning of unsOtable tear occurs due to anatiofi of -fracture and gossconyedg.The suggest-
-da to for predicting -the stress titensity at the beginning
-of- uffitsubli tear, is

aiu -GA O:: k2

3 - Zoe I IteredieeCraiks -Tjhe beginning of unstable tear occurh with5 - gr~&oss pne trtinhe latc range. The influence of panel
-buckliing win 2024-T3 alitinum-can be assumed constant, with the
:stress intensity-k at the onset of unstable tear 6ol-respondingisy
losta in-ia panels. Te quinty, i

negative and, thus, assumed as zero so that teequation for pre-
dicting unstable tear becomue*

-kk2
Zone III Long Cracks -Cracks whose length to pazal width ratio exceedsr1/3 can be expected to -Skow further reduction in the stress in-

tensity, k2  rsligro the 1afluence of panel width ong Ibuckling.

The use of the interactivn diagram is illustrated by data from 20 and 20
Inch vide panels of 2024-T3 alumin-zm. Trends and behavior of fatigue cracks

- 5in 9 inch w-ide and 12 Inch sAde 2024-T3 alum~uum and titanium 8A1-I~o-lV are
explaned in terms of components of the interacticn diagram and by curves
showing strength reduction in narrow panels beyond that Predicted by elastic

anlss4toa



1.11 PREFACE

The discussion and theory are presented in the ' oll.qwin# -atctionse.
Section IV d"eI's with the problem of panels to which sufficent -lateral £p~

s providee tat the panel remains essentially fla~t At faflure (u" d4p.es
and the r assg section re~oins elastic* These UI~tati!cns id~ behaviior cur-; j--
rently C .- .ne the problem area in which linear -elastic fracture ehnisay.
nroven reltively successful 1 . In approaching the _presentdtion o-f hjI. -

this range of behavior, the need-to- incorporate problems bIvuwving- 46iblIe-6krak-c
growth led to the choice of static considerations2_ of- ultiave -tana h

crak tp a -failure criterion rather thin the-more es;Zry--proach-
The f ist section of theo~ry thus rzprevents- an -atteftmnt to- r~e bai:tci-
cepts of fracture edanics in torms of atatic consideratib~na inzofr asr PXa- I-
tical. An attempt has also 'Oeen mnde to define limtations of eurent -,hior
and thus define the limits of panel geometries to which ti&a extensi ftnu--of --theor -

explored ih subsequent sections are applicable.

The sections that follow consider extasons of theory for Orobl6i~:4f6
general yielding accompanying frecturo, failure of unrestrained panels- that-
distort from a flat p~anel prior to failure (pixe1AL uckling)-and -fia7 _ffe
synthesis of the strength reducing -infuence*- o_: fractuire ielir ai44 nd W4-
buckling into a single fiiluzi- ditrit.

An additional section discusses the problem of preTdicting- the., Aount
slow tear pzeceding final rupture And includes suggestibno-of bow-this adiitio
&Ia variable cnbinrduced into failure consideratios

BecuseofthecopeX" nature of the fractuWe Okblrn ian-f-b
lations suggested are empirical in nature. In e~achca, 6ve natmt -I

has been mads to rctain &Z leaSt a qualitative th ecirical- -bas-e ad to pro
for growth potentitil wit'hin the basic formulationasudsanigi crsd
it is hoped ta ierulig copilaiion will ctl otzd t h bsc
undertrtandaing of the interactIn -betwiemr strength -inflluntu styit
encourage additional studies to explore- details vbddchiiae :f -hcotie -- 4-
unresolved by the scope of the bresent prograi.

The experimental data for 2624-T3 &Ia1w. and-ttint~mi &~-~-yud-
in the development of curves and illustration of- theory, cnles si &--&-s~e
noted, w.re obtained during the supporting test Frogra k- tabulited -siaviiy
of these data along with stress vs crack length Curivee. art- Ifoundi h
Appendix.-

A
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n'edha bsieie. Aditoualyplastic deformation is not a aignifir-ant
Ouon ration -ani an elastic 6 rm~ion of stress ct-rcentration or enzrgy 's

-esably- app "cAb- 'Pot a trellVtly ddctile M4aterial, havever, te~ prob-
S 1e3. bacom atmz- com-ez Stabli s164i tear initiates at a load level co I

eraly elorti tista~ load' In this- xtobli slow tuiar phast, the ter ng
3ab tPAPeffb stp Sn the l~oading proceas. Eventually, a m&.ximum id

-- eii ii- if thii -dma o d i approacbed tbrough a reSOf 1

4 V--1Jicre it of 1*tftbg, iccesivily lonrger Increment of tear -an -,e .,oserved
- aw th o k bd-is approached. At the zaximwn load, an additional incre-

ien I'tlotd vwiffi ziult ilk a conitinued slow extension of the crack, indicat-
fiia untable -condition. H(ear the end of thia~ unstable phase of crack

eitision, notic~ble accalrtibn occur~s ending ina xlsv n almost

r~i iFic teab6Vi failure sequence for a relatively ductile material con-
U - taii~nga crck, ~odiftrent methods of measuring or defining failure

er$.teria Ate cuirrtdy used.

1. The initird* crack leugth =md stress at maximm load5 .

'r he -crack leaigth aind stress at maximum load l

~~-w "t- i-ditional ckiteria could be of interest.

IF3. The crack 2"gt ad loAd at the onst of crack tccele-zation.

4. The crack len~gth and load &L rupture.4 )Eacbi of the above criteria properly have a pl-ae in the overall problem of
strength evaluat-'.on and analysis. The typical sequence of these four possible
-criteria are shown diagramati -cally in Figure 1. From Figure 1, it can be seen

~ that with the exceptiri~ of the fIrst criterion, each criterion could be repre-
sented by some instantanobus condition of stress* strain, or energy wihnthe
panel during the failuie sequence. The first criterion of Initial crack length

j a- and maximua load-is not subject to rigorous stress, strain or energy interpre-
tation, It is a combination of tuv quantities occurring at distinctly di..fer-

I ent times during the failure sequmnce. It can also be s-en that only the first
criterion permits the determiuation of the =aKi1um lotd associated with a knova
initial crack lengt.~ A criterion relating initial crack length to maximm
load is definitely needed. A possible method for developing this criterion,
through parameters of strgss or strain, is through the definition of the amountrMof stable crak exeso3 This is c4so shown on Figure 1.

For the purposes of this repori, the second criteriun, crack length and

Li: 4



STARI OF SI TF I-
rt-E b

4i lK

Dr P* I

Cl LC lz~I

1-C 1-~t

CJAdx K budntz kkmui



I ~ ~.tXGif aStmliiin load, will -be used as a definition of crack Instability.
vi eneVdr ziefirence Ais made to one of the firar points s11oun on the Figure 1,

- - the- sp piate-subscript ail le used.

I -~IP ,STRES iHTM[STr2iA) &(E

>3e bsef7 the -need to- vonsider stable tear as wiell as the critical crack
za~ii~ ~adrelaonsdpA crack tip stress or strain approach is

mos apliabe.this-,approach can be presented in the form of a stress in-
t4e"A ty ar-laeer for idwde panels

-*e k 4-ueasure of cAc tip stress intensity

0- gross p*W.AL stress
0

in Apigtastress ntenity approach ano ttihe c itica frac ehanc

IIf -od t the pposes of explnat of thostabea k lnength can the cnsid-

to 1sbl t ppse a es ulttvl the loilmto ntbecraonengofthedetress iy-flt-iit--eeg par tes . e This anbeacoes-tb o de ilm th ehe o focrca
-elasi~_tress or straina h ip facaki nifntl iepnl

f wher _p 4  critia ruticateneg crack as tpsratis (acualy this
fisi of pIysticl denbqutity ahs nesitler th ue

Fo-epupoe of-eplengtho nor sltre r c nna snd t the nieten
'Iin-0 filr tat it c adcnbdri ed offroap're=d yielhdsg of isur
jdIl toapastrlanto qunntchie tnie coponnso h trsn10sl~ paamte k. lT tne aropnlstessb corspdeing toeuVo o

vlst1. trsso sranAtth ipofacrack iilenn-intlythepml

euer(2
El E /6 r

V ar:e rtclo liaecaktpsri atalti
isapyial=neiale1iniya ete h
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Equation f2) invlves two u .owns, eu and p'. In order to use ea -a
tion (2) -tbout solving independently for-e and p, it is necessary to
ass1e that o' will be sall so that P_> 1 -With this ass-'tion, eqaation
(2) becomes P

E/ k (3)
2I

Equation (3) is vost applicable to problea involving elastic behavior. For3those cases where the observed critical crack lengths occur at a near onstat
value of k2 with local plastic defoa-tion adjacent to, the notch tip, equation

()can be used provided the quanity 1' is !gase a;= papm
used to account for the influences of local plasticity.

The stress Inteasity parameter can thus be considered a pareer having I
tuv ummeasurable co=;onents eu and p' . Of these to, e. =st be at so e
critical or limiting value whenever tear initiates. Instability =y or =2y I
not follow as instability depe ds on incremental changes in crack tip condi-
tians as well as on the instantaneous condf±onn of critical crack tip strain.
These incremental changes can be qualitatively explained by e _of the

quantity P.~

REJ.ATCUSHIP YWE 7HE S=RES MUM=3~IT PARAMME AND CPA= TIP SnA33

Daring the slow tear phase, au Interesting reatiouship bet - the sress
intensity parameter, k, end true crack tip strain can be observed (see 7igm-rs
44 and 45). The onset of slov tear indicates that a = il or critical ca&ck

* tip condition has been rea-che. After tbhe- first iucremn,: ixi tear zt cntn
load, the crack reains stationary until additional load is AppLIed. With
sufficient additional load, additional tear occurs - _hich wil sagain halt If the
load is held constant. Thus, it can be observed that the critical stralh !evil
at the crack tip can be reached any tfe between onset of tear d instabil-
ity; each tie at an increased value of k. Referring to eq-uatio (3), for z
given value of k, the narim crack tip strain is deperdent p - value of
the effective radius p' which is ass~ed to accotmt for the influences -of loc l
plasticity. While this interpretation of equation (3) is not rigorous, sae
useful qualitative evaluations -an be =ade.

In terms of equation (3), the range of stable tearing that takes place
prior to instability of a crack can be ftnpreted to mean that once the Craek
tip strain reaches some critical value, additional atable te= Is ;ossible
only with an increase in p" . Instability is thub considered to ov= he'-
ever the crack tip strain has re-ached a critical value for rear and 00 can
no longer increase sufficiently to copensate for additio-al ftcreases k.
For changes in k wIth the load held constant, equaUon (3) could be Itiem
for an inc-emental inczease in the length 2 up to the critical cz-ac lezgth
at whIch instability occurs.

2E



Sdk e d d (4)

i/r the first unstable increment of crack extension, equation (4) aecomes

( )' d _ _ ( 5 )

It has been uggested-that the increase in p" can be attributed to the devel-
opment of the shear mode of fracturel3 ; however, observations on 2024-T313

which were substantiated during this program showed the development of the
tear resistance to occur with fully develoed shear su-faces throughout. Thus,
a more general dependence of tear esistance on plastic deformation is indica-

. ted.

T. SIMUE1CE OFPANiEL WIDTH

The influence of free panel boundaries near a stress concentration such
af a fatigur, crack ca'ses stress in the vicinity of the cract tip to be higher
than would be the case if the boundaries were-remote. To account for this in-
flueuce, a stress correction is 14sugiy employed. The stress correction used
throughout thie report is that proposed by Dixon

--- -i ] (6 )

j ';:tere w = panel width

1 (7 = width adjusted stress

T.e Dix-n correction ha o- nd favor in engineering studies 6,12 and is within
3 p.rcent of the Westergard width correction used in the current fracture
toughn ess formulation12

- 1-(7)

C 1C

In addition to the elastic width correction (equation 6), an additional width! tnfluence has been illus-rated 1,13 which, when significant, wou.A cause the
stress intensity at tka begit-ing of unstable tear (k2 ) to be a variable with
width. An easy way to explain qualitatively this width influence can be ob-
tAined by rewriting 2quation (4) for a vanel of finite width using equations
(1) and (6)

AA
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dk 11 di(y1
d'i J-2dA

Equation (8) shows that the rate of change of k with respect tc in-
creases with the INv ratio tius agreeing with the observations-of Reference 1.
Since the rate of change of JWT with respect to I seems to diminish near the
instability point, the last posz.ble equilibrium solution of equation (8)--tends-
to be at lesser values of k for increasing values of i/we For values of I/w
less than 0.5 in 2024-T3 alumintm) the change In instability from that of an

* infinitely wide panel is relatiVely small as shown by the cangency of effective
stress a, ta curves, Figure 2a,, and in the k2 vs I plot, Firure 2b. tigure
2b can eaaily be compared to the energy release rate form of presentation#
Figt :e 2a is however c(nsiderably easier to cotnstruct.

The two width corrections discussed above, equations (6) and (8), are both A
based on elastic theory and are thus increasingly inaccurate as local iastf.,
deformation near the notch increases. Howiever, as long as the local plastic
deforzation ireache!s apprc'xirtiately the same extent at the beginning of unstable
tear over the range of geometries of interest, pzredictions of tear instability -

based on these elastic equations can be relative'~ successfizl. In this re- --

spect, there is an addicv.onal width influence that must be considered., Thisi
is the possibility that local plastic deformation at the crack tip can be- ,si97
nificantly influenced by the proximity of the panel boundaries. In-actuality,
the plastic defformation should be influenced by boundary conditions whenever -

the boundaries are close enough to influence the e]Asti6 stresses. For a ii fT
crack length, this influence should generally increae2 as ductility increahes -

and as width decreases. The panel widths for which this influence-causes- - -

significant error in unstable tzar predictions based on elastic equation-- can
usual'j be avoided by following recommended fracture me~hanics practice1 . . -

* Particular problems arisr. 'iowever, when elevated temperature testin g is- iii, --

volved.

To illugtrate the nature of the influence of pantl width on guided pa-nels
of varied materials. Figure 3 shows tt, fract~on of wfde panel fr..-cture

strength (12- 1tvsined in successively saaller widths for a vp-riety of matierials.

Width corrections were made using equation (6). Width correC~.iong of the type
illustrated by equation (8) were considered to be small as the. i/v ratico ofI
the test panels were generally 0.4 or less. T:he yieldjultimete ratio of-the
several materials is also shown to indicate -.he general influmrice of ductility.

* Figures 4 and 5 show similar behavior as a function of tempei ature in test pomnv
data selected from the s&~e heats of materials tested at ainbient and elevated
temperatures#

* DEFIITION OF WIDE M~4 INAUBW PANiELS

From Figure 3, it can be seen that for each matdrikl-there is a Vidth of-
panels abo-e which further increase in width will cause little if any Cbiange
in the stress intensity at instability. Panels haviqg widths equal to or
above this limiting val-ie will be referred to as wide yanols in this _vport.
Pan~els having widths less than this limiting value will be referred to _ s
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5.r of -panels

-]Pte-peet srnt raito o arwpaescnbest be handled

ka m toGA~. i issignficnt hatmuc clthe available data
-fals wthi 'titrnge t i posibe. hat orrlatonssuc asshown will

li-i1A eL -nertnigo hspeomn n omtoso interpret-
otrngt -f dt btieoro arwaes Before this

_~-*dhjhwvr a considerably move complex means of ranking materials
-- b-ovsdt accouut for ultimate stra~in differences and strain harden-,~-iI'Jaciisi

Because bftelimitations in using the stress intensity parameter in con-
~ f iineionwit ia~94pnols' -the disacuffsion Of stresse intensity appl1c"etions

!in this report in. limited to wide panels for which elastic considerations of
~iiath correction Are sufficient.

I PLASTIC ZONE CORREMINS TO STRESS ITENSITY

~ ~- -At this point in discussion, wide panels have been defined as those panels
-ghos. -tear behavior can-boe nrrelated in terms of parameters based on elastic
considerations (equations i1, 6. 8). Normally, fracture mechanics includes an
additional corrictIon. based on the size of the plastic zocne adjacent to the

fj crack tip, The-planitc zone correction is not used in this report. However,
IL -thewid* use of the plastic ze;,-e correctiona, makes it desirable to discuss the

reasons for not including it in the computationx of stress intensity.

' 'rho plastic zone correction to the stress intensity parameter requires
that- the -adius of the plastic zone be added to each end of the crack tip and
tha§t tkt resulting iacrearsd length used in stress intensity calculations

!~fl .:0jgn "affective crack length.tt

Th-ko lii model for computation of the plastic zone s_1ze can be expressted
~; flas

1(k) 2 (10)

Uwhere k Ir

I r~rp radius of the plastic sore
~~ An improved form basad on the Dugdale model for a crack1  shw the size of

the plastic sone to be dept&nd~t on the crack length in the form

11 rp azl. [see(.(o ~](1
2

U'The dependence of r , on cmac letigth, as proposed in Equation (11) can be
'seen in its series expansionl5.

Q2 51 L/~ 6 +\2 77 (Q23 ]1)

14
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It would appear that use of a 1Urraction to cirack length. based-on a plastic
zone predicted by equations (10) or- (12) would considerably Imoirove the lower
limit to the range of ividtba for which strength could be predicted by use of
stress intensity parameter k. Hance width influences shown -in rgutiet 3, 4,

and 5 might be greatly reduced.

An atempt to apply this correction to data obta~ined during the -test ,pro- I
gram for 2024-T3 alum-inii- I - - a-n interesting ract., Vith reduce-
panels of 20 inches, 12 inches, and 9 Inches, unstable t-~r (Ic2) occuirit-d-ni,
reduced stress levels. Grosq stress at unetable eear plotted against dra~.k
length to panel width ratio at instability, shoved all threewidths to hiVe -

nearly equal failure stresses at the sine 11w ratio(Figure 6). to ilustrate
the influence of this relationship between fjw and gross stretss-on the coupui-te
plastic zone sizes, equation 10 may be uised to write the ratio- of pla-stic 44oie
sizes for a 9-inich and 12-inch panel of 2024-T3 aluminum.

IA2

rp 9 2_(A,_-_ 9 (13):

From Figure 6# a crack of f/t ratio of .3 wiill -fail -at the same gross -stfiss.7L
%~ in panels of 9-inch and 12-inch idths. Since the relatibnship betWeen

gross stress and width corrazted stress,or is dependent mc the-.f/v ratio-I
(equation 6), the values of Tqwill also be the -same at failure. For this
example, equation (13) tan be vrritten.

r,,2 (3x 12?1* 2 or.5()

Equation (12), while giving slightly different results, still has th.m saMe
trend as shown In equation (14). Coraput.vd plastic zone corctions are thus
proportional to both panel width and craeck lengths and re~dsee Values of, t6e
stress intensity parsteter kc2 showed the ese telative inf lu.-ace of -width. - To ---

verify that this phenomenon does occur in 2LI2'4-T3 alwaainump data from -Rfrvift
3 were ala~o analyzed (Figure 7). No particular fundamental significance it,
attached to this phenomenon ins it does not octur faz wider Widths~., The 20-inchr
wide and 30..inch wide Oanels of the test Prognim bOvred: no diffeer.nCe -in
strengths when compared on the basis of c'xapuretl stress intensity akt instability.
Also, this/ /vt vs. stress -relationship would not hold for panels of lesser
ductility than- 2024-T3 aluinum shown on Figure 3. Figures 6 and, 7, and equi-
tion (14) do point out, however, that the practice of adding plastic zone
correction to crack length is l4as effective thuit the influence of width -on
istress intensity for tba al -u.a~ alloy- 2024-T3. W~e to the above reasoning,
plastic zone corrections were not considered in the 7resentation of data of
this report. i
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WFLUECOF0 PMlEL THICKNESS

T-h gteneral, the thickiese of a panel can have significant influence on the
se-intenity at ihich sl.ov rear and crsck instability will occur. However,
tht-rngc f ticimess l2orthe a terials studied li this report caused both

- - --t~m i~ oI ilw ea a sch e beginning of unstable tear to occur in the
iiodt -Up jtant strelsi). ihile-zinor differences in tear behavior are boundj ~ ~ ~ ~ d tobarsn - y are consieA~d subordinate to the z~ore gross phenmnena of
geoet In aenceso For th1.a resson, thickness differences have for the most

-~ part been ine d anavtrag* values of stress intensity have been used.

St~AXYIO THE~Y ?~ GILED-PANI2P WITH ELASTIC BEHAVIOR AWAY FROM5 CRACK

I.T~ 'depaelthe ag fcac eai r teen the onset of stable

.~AI- -t~i in~n;±y. stus-intensity parameter can be expressed in. the

- k01 (15)

'2. -Ter id& vipals, influence of width an the elastic stress intensity para-
meter can generally be adequately handled by vae of a stress correction
deriised from elastic theory. Of these available, the Dixon correction has

2 (16)
Itt I-9

fl 3-. Crack-instability can be considered to be sensitive to the rate of change
of-strevs intensity with length. This can be qualitativel illustrated byI tti relationship

LI d crof" ~7~ 1J acrticel d~W(17)

For values of kw less than 0.5, this width influence is small for 2024-T3
aluminuma.

- ii4. For panels having widths less than some minim-a (Figure 3); the proxim~ity
of a free boundary can significantly influence the local plastic behavior

fl adjacent to the crack tic and thus-cause considerable reduction In strength
from that predicted by elastic assumptions and wide panel behavior. In
this report, panels-in this cate~gory are referred to as narrow panels.
The strength reduction In narrow panels generally increaa'es as ductility

LI ~increases and as -p~in#l width decreases (Figures 3, 4, and 5).

<15. Plastic zone corrections to crack length are less effective as ductilit
-' increases. In 2024-T2 aluminume, a near constant relationz-hip between XVw

-i and &X032s stress at the beginning of unstable tear was found to exist.
This relationship caused computed plastic zone corrections also to be pro-

j(] porticonal to width resulting ia no Improvement in the observed differences



in the stress intensity par eter for widths of 9, 12, and 20 inch-s. 4;c.
difference in the stress intensity for uastable Lear was found for I A-0 d
30 inch wide panels4

6. During the stable t~ar, the crack tip stress and strain can be t.=szezt
to remain constant et a value critical for tear while c-pensatsn. i.nk-
ences of local plasticity permit equilibrium to be sustained at i.
values of the elastic stress irntensity parameter. This c.-n be :Iitatie-
ly explained in terms of an effective radius P' 'y the relatonsblp:

idi 'T i

7. Thle crack-ft will Contine to tear WtbxouE 'Utber increase in load'oh3en

dk e.3 E d7;/W
di a-

8. All observed failures in 2024-T3 and titanium PAI-Lo-IV were in the shezzI

=ode. Variation in critical stress intensities with thickness in guided
paur1' is not a major consideration in 2024-T3 a&IunI= for thi esses of
.(vS2, .653, anA .080 inch. For the purpose of correlating large A r-
eizer in 0--e stress intensity at unstable tear resulting from geometric
influences, average values of stress intenity can be used for the range
of thicknesses in this report.

• I
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V GUIDED PANELS WITH INELASTIC BEHAVIOR AWAY FROM CRACK

APPLICATIONS

For relatively ductile materials such as 2024-T3 aluminum at room tempera-
ture and titanium 8A.-11o-1V at 650 degrees (compare Figures 3 and 5); the
behavior of fatigue cracks is such timt the lower limit of the crack l3ngths
that could reasonably be found in a structure arc those that would only failunder stress conditions h18h enough to cause general yielding away from the

-crack. While this condition in itself implies a structure safe from catas-
trophic crack propagation at normal stress levels, it is desirable to be able
t:o predict the ultimate stzength cf structure containing fatigue cracks in thisIrange for the purpose of predicting probability of vehicle survival under
a=everL conditions of environment. Additionally, for elevated temperatures, it

Swo t e xtremely desirable to be able to interpret correctly strength studies
made using short cracks in small coupons1 6 .

INTERACTION DIAGRAM

Whale there are many ways to approach the problem of fracture accompanied
by yielding, the method selected herein uses the interaction diagrami7. An
interaction diagram can be consLructed f>r any two (or more) failure mechanisms
by the following steps:

i. The strength under each simple-loadiug condition (tension, bending,
fracture, etc.) is first determined by analysis or test.

b i2. The combined-loading condition is represented by load (or stress)
ratios R in which

Ri = applied loading of type i (le)
critical loading of type i

the word "critical" can be interpreted generally to mean the loading
at failure under condl.tions represented by the ratio Ri alone, whether
it occurs by buckling, rupture, or any other form. For example, for
the case of simple tension stress in an uncracked panel

R~ (19)

Thus, at failure under a simple tensinn loading

R, - = - l (20)

3. The effect of one loading (represented by Rl in Figure 8) on the
allowable or critical value of a;,.her simultaneoui loading (R2) is
represented by an eouation or chart involving R1 and R2 . (More than
two loadings can also be handled in this way).

20
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.iu.e 8 shov an interactlin diagram developed al-Aig lines illistrated

- a -bove for the interaction between the ftnsile mode of failure and .he fracture
:{2- a n d cf railure. Data obtaired duri.g the cxperiment.1 program are shown and
=.... several intercction curves h-ve been drawn bared i. the equation

+(21)

k2

Equation (21) is an intaraction equation for the simultaneous yielding and
11 fracturs of a panel containing u fatigue crack where

0 =- = goss stress away from the crack

0' = " the yield stress of the material
y

.8o = an approximation of the proportional limit stress

Su ltimate stress for uniaxlal tension loading

4 k = : =width adjusted stress for crack tip stress intensity

.1 crack lengthfo ntbe
i ~x  -  I - " k2  the value of stress intensity ( )for unatable

tear without yielding

m an interaction exponent to be determined experiment-
ally

II The bracket notation < is reasonably standard 18 and indicates that the neg-
ative values of the bracketed quantity are treated as zero, i.e.

where xO _w0<>w

In the form presented, equation (21) has a discontinuity at the proportional
limit and reduces to a single parameter strcss intensity equation for fracture

- when the gross cross section is elastic (Go< .8).
o y

THE INTERACTION EXPONENT m

j The interaction exponent, m, is a strain hardening sensitive exponent and
can be qualitatively explained as two limits of material behavior are ap-
proached.

Li These limits are:

tJ 22



1. The elastic limit - A material having tbc characteristic of a high
degree of strain hardening will approach this limit as shown by curve
1 of Figure 9a.

2, The elasto-plastic limit - A material having the characcerlzic of
low strain hardening will arp:oach this limit as shon by curve 2 of[
Figure 9a.

Intera.:Iton curves ?redicting characteritic failure trends for materials I
aproaching the two above limits are shown on Figure 9b# From Figures 9a and
9b, it can be seen that the strain hordaning charcteristics of a materimi and
the interaction exponent m are related. A typical stress strair curve for
2024-13 aiur-lnum is generally of the type il!ustrated by curve 2 of Figure 'Da,

Thu:, agreement of experimcatal data for 2024-T3 aluminum shown on. 1igure 8
with a curve using equation (21) and an interaction exponent m = can be seen
to be qualitatively correct. In appraising the usefulness of equation (21)
and the qualitative curves drawn on Figure 9, it must be remembered that thI
proportional limit is also . problem variable and shifts the region of the
interaction diagram influenced by the exponent m. Thus, for a truly brittle

material, the proportional limit approaches the ultimate strength and the
region of diagram 9b Influenced by the coefficient m is non-exstent.,

It is believed that further study of the relationuhip between eutrain- -hay.
dening variables and the interaction coefficient m will result in a mor* quan-
titative definition. Until that time, some useful qualitative estimates -O£f

interaction exponents can be obtained directly from examination of the shp
of uniaxial tension stress strain curves.

STRAIN INTWPRETATION OF THE INTERACTION MQiLTTIO

The quantit 0.8 0y can be interp: eoted in terms of gros.strain
:-\~ .0.8 I
away from the crack a shziwn on Figure 10. ?igure 10 shows that the quaqtity

o "0represnts a atraight line approximation of the fraction of

critical strAin ia the gross cross section if elastic strains are considered
* to be small and i2nored.

In a-similr sense, the fraction can be considered to be an approx-

imation of the fraction of critical strain in the form of a concentratipn at
che crack tip. This requires the assumption that the elastic stress Intensity
factor can still give approximations of crack t(p strain concentration in the
presence of general yielding. This of course, it not true. The error asumed
in making this aosumption is accounted for in the experimental determination-
of the interaction exponent which implies a nonlinear interaction between an
elastic crack tip strain concentration parameter and gross plastic strain,
This approach, while arbitrary, does allow the elastic stress intensity factor
to remain intact and, in turn, makes association with .linear elastic fracttre
mechanics somewhat easler.
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IIUsing the above atrain int4-precation of equation (21), the equation may
be restated:

(dross section Strain)m + elastic crack tip strain concentration = Critical
- crack tip strain.

'CO-  ISON OF IERACTIGN EQuATION AND NASA NOTCH A ,YSIS EQUTION

A.. -The NASA Notch Analysis equation (Reference 5) has a form similar to

equation (21). The interpretation is, however, in terms of strcss rather thanMW 9 strain. This equation can be writtenW !I
'critictl n + -2 ,se

w1h %~ritca, critical crack tip stress (Figure 11)

Esec = secant mouulus at the critical stres

p' = effective notch radius

Crr = net cross section stress

An approximate solution for the critical strain (eu) should be obtainable by

dividing both sides of equation (22) by Esec (see Figure 11) so that

u a (23)

For a wide panel in which the diftorences between net and gross stressesY in are small, equation (23) can be stated as

critical strain _fQ + elastic crack tip strain concentra-
Esec tion.

The term EO cannot be directly interpreted in terms of strain. Further,
E~see

this term is continuous and 31gnificant for all velue of or at failure above
and below the proportional limit. For this reason, equationA (22) and (23)

cannot be reduced to the fracture mechanics equation when the gross cross

section stress is elastic. This lack of a discontinuity at the yield stress

or proportional limit %itress is regarded to be the most significant 
limitation

of equation (22). he fact that equation (22) cannot be interpreted in ter-as
of strain parameters is viewed as a related limitation.

Equation (21) does exhibit the required discontinuity in behavior at the
proportional limit and dote hays a strain interpretation. Additionally, equa-

tion (21) incorporates the elastic stress Iv-ensty parameter and reduces to

linear elastic fracture mechanics form in the elastic range. The interaction
exponent m which is required in the inelastic range of behavior is related to
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strain hardening characteristtcaj, yor thesie :4 isons, equation (21), while4P7 - still' ezpirical in nature, is believed t. 4ve-greatr potential as a~ basisforfutre exelopment. The eznphaoisa - strftin variables rather than stress
-should -lead -to0 firther cla fi k and unification of theories.

-SUtARt0-F THEORYFR .kXIMC BtHALVIoR AwAY ERom( THE cflAC IN WIDE GUIDED

I. the inxquence of gross panel yielding can be correlated in terma of an
interaction equation of the form

This equation can be restated

(gross section st,&inYU + elastic crack tip strain concentrationE - critical crack tip strain

2. Th* interaction equation is discontinuous at the yield point and reduces
- to the elastlc stress intensity equation when 0< <0.9 a,

-~0

3.. The ezpovent m varies with miaterial strain hardening characteristics with~ fl high val.ues of m corresponding to A high degree of strain hardening, and
~; Ulost values of m corresponding to low strain b-irdening.

17[



VI THE INFLUENCE OF PANEL BUCKLING

IMPORTANCE

Considerations of fracture trt this point have assumed that the test panel
remains flat until failure. Normal fracture mechanics procedures used in
material evluation studies use restraining guides to hold the panel in this
configuration. The natural tendency of the panel, however, is to buckle in
the region of the crack (See Figures 12, 13, and 14). Typical dimensions of
this buckled segment as obtained during the experimental portion of the progrim
are shown in Figure 15. The strength redvtction caused by buckling in 2024-T3

"aluminum panels can be seen by comparing Figures 16 and 17. The problem of
estimating the buckled strength of fatigue cracked panels cannot generally be
resolved by testing of unguided 5imple tension panels. Unguided test panels
with relatively large Nw ratios -how redctio. in strength due to buckling
that may not occur. Additionally, engineering structures are often subject
to biaxial stresses. 1is stress condition is not obtained In test panels
except through complex loading procedures. Therefore, an attempt at indirectly
estimating the buckling influence through biaxiaL strain considerations is
warranted.

o GENERAL CONSIDERATIONS

The phenomencn of panel buckling adjacent to a crack (Figure 15) can be
easily explained in a qualitative sense. quantitative definition of thia buck-
ling and its ifluence on fracture strength is extremely difficult. In orler
to obtain a qualitative understanding of these phenemna, consider a -fatigue
crack in a panel loaded as shown in Figure 18. The overall width of the panel
can be considered to decrease by the relationship

07 (24)

where • Poisson's ratio

exr. strain normal to the load direction and parallel to-
the crack

oy =gross panel stress away from and normal to the crak

if the panel is to remain flat, the portion of the width directly above the
crack must decrease by the amount ext. Since no load can be transmitted in
the y direction across the %rack. the transverse shortenihg due to the Poisson
effect is not present. There are, however, compressive components of stress

acting toward the center of the crack and parallel to the crack (FiVre 18)

which tend to force the panel segments above and below the crack to shorten by

21
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t06 v*Oit e The distr~ibution of stratu pevacl to tha crackc qn~ ae seg-I ~ t -il,%owever, not be urniform and, ' ip hneral, not eq.;&'. to the Polason
izuaicad strain remote fr-, the crack, The res,%ting 3trosses and strains Inif the e~me~-of the veal above and bmo e~ cc can be coniwd~red as thoe#z
it , -plate- sepet reetrain*d on the ie except fo one straight istc

- f ig Wih cb oeponde to the crc.~ueteload is being applied
* jiarille4l to- this free, ad. the amoue-k f toe~-uthat can be induced i1s

I O 1 tby- 04~ jitiffneat. of the p~aol stgpot7 Thus, when he change in dmn
8101 AWYfromthe rack *)tI is equal. to ~o~li~iting value w ich cor-responds

-ttie critical buckling displacemmm of 2h6 7.&nel oent, the free edge of

- :th rAck will start to buckle from the fiat plane. for values of e.1 in ex
c~sof this critical value, the corrmaonding "bange In length measured along

ther e dge, of the dreck ihould be equal to Obo critical displaceme.nt fo~r buck-
44m plus a component of displacement v~xulting froi the bmuckling of the panel

The above relationship between blackling displacement adjacent to a crack
5 an-the corresponding displacement au~y froma th4 cr~ack should also be generally

applicable to conditiors of biaxial stross. Fo biazifi stre-so, the strain
&*ay -fron and parallel to the crack eav bla 4etemi'ned by rconsideretions ofj I plane strest and *train

Oxx

For thI 'case of uniaxial tension discufied abov*,

COAW AA= OR C:A(XBCKLIRG

Correlations of the observed beginning of buckling tit 202&-T3 h"'w
wore mae based on the assumption that tbe critical bucIt.ng strain adjacent

L~ and parallel to the crack will be equal to ,,he corr porndin straln away 'rom
the crack. An expression for the critical boicd: straiv was der4vdfo

~ the equation of a coI~n on an elastic foundaticnl,

= 2 +~t (25)

wha PB - critical columna Load

c- spring conatant for el'jt~c restraint

When c 0, vruatiov (25) reduce* to the familim- Euler b =kling equkxtio,_ as
suggested by Referenace 20. Equition (25) can be presented ir termz of criziczl
buckling stra,. 3b dvdn both sides of the eq~uation by ti product of
You"!s io du lus (rl and the area (A)

V .. mI+E (26)
For th* cate of unlsaztioa 'ktision whor*eB5 is equal to the zorraxpoing stra~n

U awny from the crack, baqustion, (26) car. be writttn
11 . 1)

TO Ap + I 2
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Conn'dering the 1~s; aupport parameter (c) to be tiegIilgible, ~imliation
(27) r; i expresso-. for ai unit widl-I: of a wide- column as

F' 7 2 t2 A2R

where Y(gSoaia) a lumped mulipl~ying parameter
to be determined experimentally 47

Using equation 1(28), values of gammna can be sele--ted to correspond to thr.
obaerved bucklin# instabilityv at longer crack lenths in .032, .116,3, anad .08
inci. thick 2024-T3 aluminum. The results arf- shown on Figure 19. Tile agrev'
ment between equation (28) and the observed bluckling In .032 inclh thitik

* alurrinmw can be se-n. The lack of agreement for .063 and .680 Inch thick
material can also be seen. Since it is possible to shift the divergence La
long crack length* rather than short crack len~gths by changing the value of
gatmma selected, no particular stgnificance is attached to the crack lengths at
which the divc-rgtr~ce o -curs an Figilre 19. Fur~ther attempts to modify the n -
bingle parameter approach of equati-6n (28) by wodifying the exponent o[ 2 will
not significartty improve the overs1l ccorralation,

If it i ; so-rr that the tesse,6a for 4iv*rgen~ce from equation (28) result15W
irom the fact that the elastic restraint provided the assumed column segm~ent
is not neeigilbe, thet k lit cai bit establishtd for the use of equation (28)
provided the nature of the elastic restraint can be defined. Because of the
complex nature of the stress distributions, the extent of the buckled region,
ani boundary rf5s aintfi, 4 dirtc~t ;ssent of c is difficult. It can be
expecteid that c will, in fact, not be a constant as suggested in equto 2)
but it -Aill va~ry directly as Elazd itritersely ac some function of 1.Examina-.
tion of thi! data trends as shown In Figure 19 would seem to confirm this J .i-
conclusiv-n. it %ouid appear t!%4%t an empirical criterion limiting tha use of4

equat-ion (28) to values of Et:2 -C 11 ksi is justified until iore can be learned

* about thei problem. The cure~ 11 ksi is also shown on Figure 19.

P-ARAMET1IC S3TUDY OF M1CIIN BAHAVI0R

Because of the above diff"culti~s aasociated with definition of c and also
In associated difficulties with defining vfrf able behavior in rhe second "Euler"

term, an attmt at a direct solution of eq;4atior. (25) or a more complex plate
model does not appear justified provided a paramuetric ier- of data reduction
can be feurnd. Applitiable parametera can b* found by reducing Equation (25) to
diizensionless form19 ,

p B ~Z (29)

37
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Fr~mequation (27), , dimensionless parameters are #vailable: P B / ci l, and

L8 If constants chat are not significant dimensionally are ignored in

equation (27), a similar set of paramters could be defined as
Ag

(30)
4-

In equation (A0), neither.c no can. be adequately defined. By multilying

the two quantities of (30) by - ._ and. - respectively, and assuming that "

tht ratio u 1, the parameters of M arg reducad toC

F1_1 A(31)

Figure 20 shows the collapse of data from Figure 19 alot with data0 .tained
during the srudy of titanim panels. Good corv3atioa con be sse. The two
empirical parmters of equation (31) eliainats the need to define s.saratt
miltiplying parmetera for each material as *.z seen necessary in the use cf
equation (28) (Figur, 19). Sizce the data correlated represent 5 ththc ssa
and two values ci Yoangs modulus, general applicabillty of the crttlatint.
arameters can bc eimed for values of £ t w en 7.2 k5 (in. 2 ) .4 9 ks

(in. 2 ). Figure 21 shots the correlation of the dea -f Figure 19 wth curvef
obtained by use of the average buckling curve of Figure 20. Same dtverW4.,
in behavior can be seen in the .08O inch thick *Iaiieint. Until furtker . -il#a-
tion of possible relationships for the -lascic support of toe crack cA M
studied, the curve thown- t- FLrure 20- tan provd* a mans of estinating the
onset of 4 .i ' e. v .s '4f t%. rnpe r titeeted.

Pael buc nix con iie ztt ) .. to 1Lr -A*hf, ti c strair -am froM an d p"t
al11al to a f-aigue cratk exeeda thb bf;4_l a s-rain *I t~w -pawel -as
nnb obovsa "d ? ~~tle -z~ck. thit crie-tval tr*%z net aaa b coqvts

- sine tht steis levela 4& ned ft t Vf 'ur- E iI t -e* I tg4 pael
poo~ryar I r , A~csr pouel xdclig 5,ccuirs: the tatal raqaira4 sho-vteu-

ins of the-pae! sCM t.WL tbrv d bel-i the CrA - te ae up of t _ aC t:
tris hriteal ut.'ioLn t dispscmsw t and a coo et f resulti
Xrow the 4!lf!ct ton of tha pr~ie1 sspent fro= z flat I?!=*.
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'r- Results obtained during the experimental portion of the program (Table 19

and Figures 12, 13, *nd 14) showed that the characterisLics of the buckle

measured in the plane of the unloaded panel did not appreciably change from

that shown * Fi-'ure 15 as the load was increased. Thus, it can be reasonably

assumed that the charactcristics of the buckled crack will show parallel trends

to some easily wissured quantity such at the center line dispiacenent of the

crack from * flat: plane. In this manner, 5train parallel ro and away from the

crack, t!e cricical buckling strain, centerline deflection of the crack, and
strength reduction can be interrelated.

0'0 'CriB= () B (32)

A.-- i where i7B  Gross panel stress corresponding to the critical
buckling strain

(ro = Gross panel stress

8- Deflection from a flat plane measured rt the

center of the crack

T2 Stress at the beginning of unstable tear

E i and B2 - Constants to be determined experimentally

-7 From equation (32) dimensionless pareters for data correlation can be
defined:

SI E

Figure 22 ohows a correlation of measured centerline displact.erts for

cracked panel; in terms of the above parametera. Scatter in data at the lower

range of values of II/E (o - m-i) can be contributed in part to the increased

influence of e-ror in computed values %f 0 . Fro--m Figure 22, qualitative agree-

ri ment between the correlating parameters(33and rps.2tion (32) indicate that it
should be possible to correlate strength reduction trends observed to occur as

a result of buckling with the parameter l/E ( ao - c-r. This correiating pare-

r" metr can also be interpreted for conditions of bl&xll strei-a for str-cc-ra!

applicationp.

f- THE INFLUT..CE OF PANEL WIDTE ON BUCKLING DISPLACDr(V7S

Bfore proceeding to the ¢o.relation of strength reduction resulting fror

buckling, a qualitative under-tending of the influence of panel %Adth on buck-

line of a crack must be o'2ained. Referring to equation (26), and Figure 1.5,
buckling of panel segments above and belov the crack rizsuit in a correspondi-ng

d4sped bucklng pattern beyond the cn.s of the crack. T1his bLcklin Potter-e

ib analogoua to the damped displacements of a continulous coiur (or bem) C-.

an liric foundation as implied by equation (27). if ths datmped buckling

pattern is terminated at L free edge before the pattern ha3 progressed far
[r enough 4,wy frc-' the crack, a significant reduction in the oucklinr restrainr
I-, ! of tzfe segment of panel above and below the crack cr-uid result,

-1~-~
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3 In Figure 23, Lhe relationship bevteen the beginning of bu--kling and the
U stress away fromu the crack for 12-inch wuide 2024-T3 aiit is compared tk

curves representkn8 behavior of 20-inch wide panels caken from Figurc 21. The
U beginning of buck'ing can be seen to occur at lower stress levels in the .CS0

NO ich thick, 12-inc , wide panels than would be expected from~ measurments made
on the sam~e crack h'ngths in 20.dnch panels. The stress at which buckiing
occurs in .032 ai.d .063 inch thick, i2-inch wide panels is the sanme as that
obtained It the 20-inch wide panels. This would Indicate chat the length of2A the buckle pattern (wave length) can be expected to in~cz-eie with increased Et1

3In order to deonstrate this interpret-ation of trhe iucs-k14,g pattern In t~f
-~ 31laboratory, the buckle in 12-inch wide panels wa, for-ed-- from side to side.

A vipible corresponding Change in the displacerment of Ov free Pdges of the
panel was seen.

Since t-he inanner in which the panel vidtth influences buckling is di .ferenc
- r! te aner 1i which stidth ifluenceL- the stximvth of guided iine 1. Che

two width influences should be considered #s-parately. Thus, Cher' &y still
- be buckling width influences on strenth i* panels whose width is sufficient.

to allow elastic stress intensity parameter correlationz wiee the parml is

TH :FwEC OF VWKMONTES RU nMSITY P0:W(STABU TEAR -)L

From r ~re 17, the strenth reduction in unguided ptnels from that in

on average stress intensity c f 80 3csl V in guided panc s to an *terage stress
-:0- i£uteniitr f7 sLNiT nugiv panels. Frlonger caklnts h

stress _oestya hebgnigo unstsbl* tear is furtherreudtoa

incrasig tickess s nticsb~ inungulded pan~ls, Figure V7. Ti rn
was not apparen t ingie ae aa(Figure 16). Representative stress ir-
tensities for cakentsbwen3and 6 inches (Figre 17.) were foundtob

ti -.032inches k - f-.5 ksii
t m.063 inches k -73.5 ksi ?
t 0 8 0 inches k -76.0 ksi -f-h

-These trends rcmld be the reault of buck hug and che differenices of the

quentiLy E where o-increases with the squark of the thickness.

- A study of the quantity (o, - Cr.) for the assumption that the beginning

of unstable tear would owur at consat stress intensifty in 202-4-T3 &I--min=r

IIR
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ahows th&:-!o 7OB) would be a near conistnt 'or ra giver. thicknes's o~ver the
enrire range of c :ack lengths from 3 inches to 1.0 inches (the curves of criti-

cal bu;cklln& strests 6nd the cur'es of constant iAtress 'ntenity are ve~ry cloim

to paralllin hinge). rom the observcltc6a~itres itens~itiesa

somher sudsea ae neatrcnsan ruled ou.()btencaklntso n

Until suchs are ia lfurtherh assumegationstare mrelatiitscip between A

f a - a

xnd the red uction of the tre inenstyv ove bnvnge f nsalegtearA foTb*r 1cjcasss iguns 1o. unsabl itearter a k engthes ar

modth proabl bhke isnt ied ve? intso ta width influence on k be-

~ uicaly~ thi probaly manschat te tota !brtn beaire ton Smercq at kbavis Hoer tim dpfosnsibiinyo tcnt L. ukigdsletaetu

Unsrvtionsuof tL-w- a~i fute ineatiopg arue ofde Iit / can be assred
thot the, bucklinaluco strength for the- thngickength ionvieed

~~~~ls ~ ~ ~ ~ te co3sod ruhytonbckinchwe and eaches.d ofAh crack enthi
fore the crack lengo~th pan el.IV

of 6 inchesc rouhl correpond to aTh SISS ofl~l~ F/3 UNTA3L 2c wide panels

f ~I ise inletince o wklngo the itr sitiya the b0ic vd aegi n ohe buk1n-

fotale tharcknarses, piguel 117. Tht assssd bnict thatin the atvel tlarge
diffeences no,.ted in ta beginninockin (Fire 3 sa funce whichf

widhuld teckes Ito t. seen i ovier iantolt wFidtre 3n c o n 5)V en a
Suckling wth probalync thailer to tathon ing iagral* w he7.

a z 12 i nchem wie anls (in tre 24) the buckling wdth inluceeneaoe thes

_tF- staesso I nstieatteeionindemnin of t buctale n ersat er rc length do

%Jf~~o %,A iches. Ts Ia pngaly t ecin save on eaci(~I ) aidso thakwtoh
t" v'4~aU of ei-nhwie Pnel.A o-aiooftetrsinniyingde

and :Lnfuie4l-nc ofbuide an thm hng naeae stress intensityathebgnz&ou-

-fluce a i 3t int hal tva-. for cra sentrs nfetd by aibr grouec*s-i

setobu ~ ig rabckling with influence sal.t ht&a nF~r 27

Inr trenh repn eto (Fiucren 2)thu buckling width influence. h

sthis intdeni at the acinin thf tnsabl tertatsnera crack lengthswihinuti fatr

"xuintou gineral yf widen ipanel A1 oksrof t panel f idt. iyingie

an ______orr__
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n~e -2b5. , u.nzd appeer '.htbt thle scre3s intensity at the begin-
V ga? nstable te-ar wilsho-4a frgw - ebif'xecew~ne.a IN%

CintC!Aerably more w.ork =a~t be done, hoever, 1:eforzz any genc~al quanti~tative
estlir.4tts c=, bs mmade regari-g ;he -vzrane of pal-i strength as a fu~nction

w of k~~in eC'thtr ude or paizeig.

TZE 2XYLUL(C t Z CKLD{C 'M THiE StRZsS ESY FOR uNswut. g-FA6- tk-0) WI-rh

Iz is di f icxAj1 to z~t an iuf1uenc of bueklir ; cn thit rtrength of cracks
less tb~cn 3 incbes '1'r. lemZth Ln 2024-T3 aL-imirn of the a ccxs ag h.~
in Figures L6 and 10. It cat be expect4A that.x tbr, strzins eawzy fr=o and par-
aille! to the crack wit's incr-~ar-t =~re rotpiely vi! gzoss stres2 when the gross
section is atssz *hove- tb~b prop~rtional Tilt. Tis due to the fact

e. LC pp e(34)ILp
Mhere ex total strain in the x di.rection (parallel

=9 Poisson's ratio 'approximelya- 1/3)

[ -- trofis Stress amay from cnruck

p Paiszon's ratio for plastic straim
Cap inately 1/2)

Vi pastic strain in the direction normal
to the crack

AsraM _ A strenthreduction for s Sglxen crack letigth aefsexr-

-azi -z sce1t &- to buThieg i be expected to exeed enat of the

wbich shows an interaction diagr&_ f j type Fhwm igre. 8- Figure 25

the fteacrion curves, the stress 1e~miy o the beginning Of Uztfilc
tear with elsic behnavior aiay f-mtecrack Mas b~e= assxued at in average
vtlue for all thir-kates,~ as .93 times. the ftress intenIty for the beeinning

aof _.nstablt tear in guided panels. Data wbose -crack length to pase Wiorn
ratiz is Srestcr then 113 has not been shomr mn Figure 25c.

Sg*Arf OF TWE IFLUt2(CES 0F P.AI(KL BULflDG

1. Lhe pbeaveea of hsl4ing of panel setants at-ove and below a crack which
is wva to an, applied w=iWxa1 tension Inading can bt quelitstively zx-

f ;Lained by co-idrinS the fsson aff-ct and the zeauling s..raiaz par-
*11#l to and r&!tW froo the crck.

* - - Tha bum' lim of the panel ses-ents aborve ad be low tb-s crack can be pre-

d [ 8Cted by- -t sinSls curve for vtiu~s of Et2 bettween approxizately 7 an.4 ?).

__49
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This c-,yve is based cc. the -_pirical correlating paraters as f;Ulovs:

4,

I -k 3. - ing -flzctions dni redction of the stress intensity at the begi- -

ning of nsteble tear will vary as rhe differeoct betveeD the strain a-ay
-fx- vnd Firallel to the c ack ani the czitical buckling sturain of the4 pn.el xv--ent adjacent to the c-raci.

4. The influence cf panel brickling m the stress intensIty at the begimning
of =stsbl tear Is nearly corstan for t'h slAstic r-_e of behavior for
values of I/V< 1/3 in 2024-.3 au-!z=z. For waies of7/Jw>.13 further
reduction in stress intensity occurs.

-5. The influence of buckling varies irith panel width in narri patels.

- - " " 6. In 2024-43 alinmu, the -eduction in st-res5 itensity at the be in g
*uf mstable ter resulting from buckling is not mewrable tp the range

L of crack ength*e .ere unsable tear occurs with gross panel stresses
z

abov'we the proprtrzxal ! nit of the materist, A all incresse in buck-
U ling 1zfluence is probable, however, as t~.e strain parallel to thze crack

U - sboul4 inczzase more tban in elastic behaviLor.

7. Zecsus& of tb* obsermi ecstant influence of bmckling on the stress in-
te_ ity for uzstable tear in 202.-.T3 al umiam, the interaction betwee

J gross section y1ilding, pa-el buckling and fracture zey be handled in the
same v&7 as the interaction betwen gross section yielding gnd fracture
in V.-Lded paels with the excpion tl;4t a redumcad value of the coustant

4 stress inteositr for unstable tear ms be used.

1!

I
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VIi STABLE TEA -

'UHTORT' 2

ifl relatively d.uctiit =atetitis mich As Th4P anaand ttrnQ--
SAI-Lo-IV, appreciable aunts of stable tear. ?.c e unstable tear. If the
condlclon of first unstable tea-.: it used es s c..-io for the ultiate

strength of a fatigue cracki'4 ptnel, then an t~aeOf 6k on of stable
tear prec-ding the unstable craa length Is ni _. Wts £t 4 .timate -of"
the anaunt of stable tear, It is not poss i l' eterzine the *tress at uaih
failure will occur for £ giver inittal cract le-t.-

GERflAL CONSIDIATI NS

Previous discussion of varian=e in stress intensity canot be easily in- I
terpreted to yield changes in slow tear caarits.A change in stres
intensity can take place through either changes i. stress or crack length, or
a cccbi-tion of t tvo. Thss, differences in the stress intensity at the
beginniu . cC unstable tear for guided and unguided panels does nt indicate -
rheter these changes are predminately the result of changes in stresrs or -
crack length. Figure 26 shows typical tear bebhw-inr of pided and utwided a

2024-T3 p nels. Similar slow tear behavi-r was found L5 titanium 8A-lMo-lV - -

Tear bebflor of this typ ws also shc to occur in 2024-T81 ahams a d
AM 350 RT end k 355 C steel i 5 .- -

Stable tear was apliane4 i-Secti IV in ters of an efectiv not-
radizis p'tat increased as plastk defozuarion adjacent to the* crack C4 ii
re-- cd (eqation (3)).

* Duingstabl. *tear, the ras6k tip strain taasa~s to be at somei-
Mate nig er Additional increases in stress lntensity #conpanie4by sai
ttar Was constdefld pessible only withk carrnpoodlag fivcreses in PP (*eaion

4d djky d yPd

* From a st=4 of the stsble tiar behaor t-nder luncrectal ic-adIng, thea
geatral nature of tha dependence of P' or. changes in trrss 65d 1rc ict
cen be deduced. if an additional increment of to&4~ is apille4 to a panel
conctining a stable crack wbose crack t4p strain is 4,tear will) start aOt I
conatinua with same increaze i15 length to a nev icabke confl-gars-Jon. It tia
this be saon tbhat in~rease in L*i pre*&ukaataly dqpedin up*-.& Cbangs in

.. ._ d__- .
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-~ L Th WUM: FAYES

In vide parvels of 2024-T! ifn there ts a rr-of ictsn Z ov-as

o-f stali'Ae tear -vith ' ~~inAUial crack llength (?-igtre .271 5o _~__

pondin-,r incresse I= stress ttnsitv (k-) OCC--ys (tFigzres 1116 &--A 17's 5Silai-
- behz.- 'or up-s ot-exred in 1.ni -U,- 1 2~j-8). Tigure 2S[ --ats a~- nftZ=; tb!3. 5 CC=nf lb-e ZttZC_ ZO i4ffeZr

oc~rrit-g as a fX.UCtion !Df icness. Fre-S thet rend~ obserr'ed civigres 27
* am-i 28) it is sungested tbt --be vacot- of st-abla tittr ir tesda

I ~pane~s be esti~ated as a f a-ctc of the inliia1 Cr-ack ienzvtb 4~ o z
I t~-~Le, the critical =;ti & rc legi COU - be w-arttren fo -d

"aels of 202~4-T3 &!in=rj (Figuzre 20") as

33, 13

arx? the citical stress inter-slty could bt ivitten

LI.. I

i -rl -pt coznstamt frot a ere--n te~ixk Aa
of laezi-l'acking resrrant.

=~~~i - .* *

0of fa igue cxicked paveI. from 2 given~ iitial cea t in z~
This pro*ce&=*~ *Vears equally applicable to VaideA a-. =ei'eA pa~zs-I-

M EVKATIONSEIP IMM I AM OF tIN-A3xz ~TAE Ma 3N , CIA= LZGTVE
1W KAMM PANELS

11%e -stab!* tea of cracks I-, zsri pacels vwa f==1 ta be slabifiant .
r - ss tham tbst of wilea pvaU~i. This cbulId -be *aec~rnted for ft paxt by tbe
* ~vidth depeademea of tr- xmte of change. of strass iint, .fty a8) in-

ev-,In an attat tc CCoStr=c C .0w of tu r'rPO l Fbe2ait
a&parerrt that the diffeencmcs in unstable crack lengjth cotsid not be #s-rixEviy
& cco*mteA for 2p rangency cona4drations. Ie wridth *17*zz.ed to have its own

Iset O'f tear versua crack leogth curves. S er-ase of this abstrved adecrea~e in
gtablz!rear with width, in beth 2024-T3 alawiz A'nd tfai W&I-M- I, Itt
v as can-cluded -tlat tear steis gp?1cb1Q M-s~cre panels could dal be

obtaine fr- elt'*y vide ps=ets, Aditci-orly, $ad wbat =ia~z prc to

beof tmost Lz ?*tance* in ccusideratiocs of 69iaY*O fract±-re, 1: _t-!,a
Is ossible tist diilayed fracmzre stud-t in oarrv paeccodld to fs

t 3 to the sv-ety of t:. problva. as It te~M i w'de and ze-
A0 nf re te s

I _ _ _ _ _
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IVIIII SlihTKESIS OF ISTRE2NH IIN LUECINI PA-MfTERS PvR WMEI PA~IMLS

Tbe 'Influen~ces oif tross sectioyn yie~dng *.-d panel. bucking on thi "rest-
intensity for th* btlinrxing of stabit tear in vi4* tsnreinforcee- #anls cmn
c.Gltlected and resent*4 in a airgle disgra This aitax 1rz ti ihe OV5-_r
51. understanding of the* rettionship batwee at=6=4th ivif~zc varie!*
The di~gr" is a thre-dm.nzional representation vifhtl --r3 *f tb& axes rp

re~ft-_ngan 1ttrcindi*a= of tbt type tbawa inzF!,Wrs 8 and 7_5. fhe_
thtrd ezs? is the panel I t rtto -jbiela denots tb* limit of crack Izths_ -for
b'uckl1Aig vidth -'f iut-te af 2/v This disarm- A Abom_-i ge i
in Figure 29. ?or CtvenienC& of ds o zonea of tbeviov areiird
on this diag.am as follow~:

Zone T Short 40rack, ThU *Sinnig of unstabIr4 tear - -crru*

d3'kI to a cwiation of frd~ean-I poas swEit* '

tht~ rtress int*brtt :te zic~fi
isbg iti

~C ,

f4M~enc CICk phi-boo- ig caa- 8s

stAble tear cur~ _y1 _ A1gM ,P2-
~~ae1.-7 0-040 qas$i

Ilk, 
- 4

- ~~~-the Stfatii~iy r~tia-lmut~ -

-it ectsio~i~t~ap l

n--,- __t* t~if

neh test dste foz 21324-TI tho.Fiwes17sd ~w
rigure 30. TI-Sa 30 atIox) it cv"s f-b A'~ ibwion(e 34.

5 cn zeeid tnh rvqot1i* 7iwtkiita& -Of taU a~e i b t

in=1.-tyw- tsunstabie crack IA~t6hvi ghickh~s i~cua4b --
tpaats 3 v.uAA for ech thicries Agtemalldn li- yiald
£tS5 n 1 ~rt tress we-re iweorpoat~a The se r,~ei~N4ts aer v nt
ons'dard in constnict ioi% of prevlaus figurts.

_ ~-~'N
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VIII SYNTRESIS OF SIMNG~rn IKM WXNCE4 ?AILAIMhRS 11- WL-DE PAN~ELS

The Pifluences Of gross section yi*' .ding uad ponel buaklng on ths 3tr5es
intersity for thie h.jinming of stabit tear- ft vid* =rifoxced :paflC15 en be-
collected and preented in a single diagrm This isxfa Can_&iU !z _tbe _Oer-
sII understanding of the relationship bztmen stvattgth thn zenc-nS vaiablia
Trhe diLgrin i6 a thrce-dim,*ngionsl representation vith t- ) txf t~ei axes z-ep-
reaxting an interaction dilgecjm of tbe type sbour itL--i Vres a and Z:5. Thi
thsrd axs is the ?&nAeI tv~ ratio tihich denote, the liit of~ crack 14~g~sfor
tWckiuag width~ .&-f iu*~c **izi 1zs This disgrw s sbova-In gencra I orm
in Figure 29. ?or c Venience of d~~t.zones of h. -_o Vx AMORe
on this diagr a &*floz

Zone I Shr Cracks of~~inn usable ter- (WxI)-ocoirring
duka to a C*IMb14tion of Itc.uead zecss.tjbn-

aht v.tre.I itie -tt .iid 4 of J~1
tsr is

20;M0 IT natItscik

I~ ~ -- VT

*t V

cm~ be --~to _ _Ii4Li

q~ ~E? ity k4: Ti.f~cz

and f litiit - -o

Tht test tdat fok 20i24M ttwivm5 a um zr i~r ~ 25S_-,
Figure 30. pftr* 30 W ~itk c4zrv of~b -a ty-- z 5fwp e Ufa Js
5 can PT*o' ide h. Oa ~ . U56exvtaudia of tk* bter- t~tiwki - -t'.gt -- -

influcing varL*-Itt. in plo-mt, lgu:. $0 , irijeji bst,

-Prt 2vlsfrischtj"_s, :-Al* t__ Akn 4a16c il_
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Figure 30 shows the 4greement bstveen actual pAnel data an4 the di.vision
of the overall problem into zones are suggested by Figuzre 29. it is believed

t -~ that Figures 29 andi 30 can provide investigators with s a'ta eviduation
technique that 'ril clarify many confusing Scouetric interrelationships lIn- k
fluetncing the strer4th -Pf fatigtm cracked~ panels. For applIcation to destgn
problm~s requiring the determination, of the ultmate etrengtt asspciated vith
an initial crc lngtbij, It. Is suggested thEat the Taniy*11(qale
36) be substittd foril in the interattion eqation.

T"e dat.a correlation show' in Figures 26 and 27 works squil _Zel f
car-row parnds. The i2-incb vide panel data fcor 2024-T3 al&I-Ii Will Pliot in
with the data for 2C-inch wide paunels shown if em &ppr*fAtc Value of k2 I*a
assumed. Figures 29 and 30 tbus represent non~lxensiatpoets Af t
behavior of 2024-n3 aliim~ over & reasovable range of geometries. Two -

a ecific add~tional parmt*rs to s4_just k2 are =eudre4, bowe~~r, beiore A
SeneraL solu --n to the Probiem it at haxa4.

1. A Ivided panal width correction (illustrated in cu--vo fort In igrrEz
3, 5,nd).

2. kan unguidd panol *idtb ad ustatnt for the inf lumte of hucckting.

F -

Z,&I

30
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ix CONsCtIMIK

~s_ ow' th ana*lysis of Exst: data ior 20~24-13 ali=z= arna supported In
-p±by A#At ITo= titanies 3&-lbk-IV and dats frce Pthtr iestigrt ions, tc

lii' jcded that in narrov pxnels, vidit- has a significant influen~ce oni crazk
- -vaenooft~i tbat cz-.1%1t be adequately accotnre4 for byr cuirrent fracture ~i

tbe~. zth~E he ivalabe ttdata is frca vanels of -his zdc t rie-
?S. U"a of eats f== these ;-czls Zor the evaluation of the streng.- of re-
imk~e -- 'Is is tamxeuely -4iffizzt. A~~ozlstudies directed towards a

jaGr omlet* rtnin of tatte .tion LO~wevs local yielding at the crack
t4~ d te p~elboundieries are nee-dod. Diret carreatio'a of width inf lu-

taces vt iNtorisi propertles *bould also prova fr~dtfuz. 'in tkis respect,
U tr t12 erter is t-AwAW uichi ineltv.es total azoratioai and vtrain

~ezdai~tharactestics as Wueli as the yield aid uIxtluate Stresses u-sed in

n-es corrn'it4 m utd predict~coa of the begirng of unstable tear vick-
*rqsx sftwes above the yield stress can bt a tcshed by an interactioc cquz-
tiap - spatfon 21). Whiie acuml* dva-. coreatios wre li="ted to 2024-73
&Uwlu_, -it is believtd that the eq~atiee is sufficipearly genieral far applica-
ti. o other deutvly&ctile nateeIisisfrclIni nateriaIS at elzvatedf tsprtres. t I s thereflore recrinoded that addit~ciel strieo- be =nder-

_iten-a- at zmtwperatuza at-d elevated temeranurcs. These
--ai u, Sbm-d pviVe more iufolmtiu Am the vhriatico of the intefact ionif ~ ~ 10 *.4Zmt~aik Strain hardng cristics and prove the gae:er! use-

4i. f thi XttactioA *Wpreoa to fkac ur Problems inv~lving gross eC-
t~da.tii~sabove tbe prportiooal limit.

The resdits attined daelag 2his pzogrm sgoued the infIueace of pz~el
wil~k (6_ thw. re~aW.Lom £9 strec~~th dre £0 bucklit*. For 2024-13 alum!==n, it

n ~a abowt thet tb^e Wkzlia influence was nearly --vPstant vlan Xma sectlon
714141w~ or buolain idtb 1influences ure not favoived. -Stu.dies sbmxld be
U*a4rtai to lettmine wbetber a sillar rang_- of bcs a ccling iflbenace

e inf other Mteauts so !On s the quantity (00 - 40J) rintains nearly
C%.3~t th &S41 St-4ies, -thIdCM*eS and fr&CtUrt Ch&=CA-CeciStlcrS SLOd

is*seectd o tstthe Inroauece of bucklin =der o~ditiocs where (cro - )
varies appreciably within tbe elastic rang* with & tziso h n

fluenc*o bwckling under conditions of biaxial stesshudxso ba der-
tat=.

?be Probem of stable tear reqiuirr* cusfderably Port ia estizaticn. This
L-qxatant aspect: of the engintering problem of strength prediction Las vot had
aderpate study. From the reult~s of this stady, ftodiction of stable tear ;cn

p vt.4. psnels can bo- atcompltaba by cccsldentng stable tear *s * consrent frac-

U tion of tba initial. track leNgth. -lids is =mdoutreAly Sn over s~iite
of tbe pzoblmL bat onik that a" prove m~alu.

7~hrstriies of stable tear in vide paneals sbould be zAez-takeu These
studies al.zvud izclude delav,*A tear and freactzre saicb as has been cbse-,ic_4 1.

ttzzivm_ Ul- lao- IM. Thz tesulzs of this stu-.y cmld spro-ve that tbphe
of elaetd- uastabL* tenr will =t be as significanst in vide Panels.
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ESTE FROZSJ

the t proa"= Co s-s 0o an i-4ipth 3t4 if tht tear ax~d f~i zz*-
dharacteristics of bare 2D2443 ahx~i=xx& and a 1 15ited S -porrfrng SUT~4 of
&dvpiex &Qeale'd tit*Mi=~ &kli--IvW. Me tezt proga was codzte4 Lar- tb - {
Pa-,ose Of pro-4dins a cO=Sistcat S.-et Oip data vtxicb ext'end4s bei on-d ift's
of n-*=I1 frac-t~e =*CanLCS Merse~sts t6 im~inde rt iidgluence o, pe
buckirg =d yiel&4-- cm the stxtgth Or fatgSze cracked pas. -sc

a 1 '4- 3= Nm'=da C!;ckMes"~ wire -Mf Izm .063 !tzc a,- iiOt ck Zj

th~a ricimesses wre .05 in~ch tad .0.0 Lseb.j 
--

Vtht bare 2(M4-T-f alwxmmw seiecced frM kwaijbie st2ck of 17 :ki
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A Table 2

- - I n ~Properties of Duplcm AntAed Tit&Am1x ~-L-l

Thi&Ikaet Strength Strem-Sth (2f- Gage
_________ ,(ksi) , Ou(ksi) _____

~92-16 .045 1jj~ ~145.0 1 J.0
Ajk:-M2 6 .045 !Jl.4 142,9 1 145

-. 02013.16,

-06"9 1 o 2  135.03 145.0U0

t- E O4.0 x=i 103-ksL
- - *~ .020 EI6.0xl0 kst

U& tut pawl~s vcw ~eiforced Lizi&Ily flat parels ccnotLining
- - ~zi~y 1c~awn *Lcts Pi ad'culgr to the 1oaid ixis. ADl ranels w~ere

cu - il tbg SIeCCpzed~* to the rallir dizection-. The Stx th of all
Pa -jiSWAeaUrai b*CwO Cho rips wa* 2.5 tc--- zhe pmzel -sidth.

]L@:skr* Tifctd tb. chcks awe tkle antl anpe to haxi o

~~Vialt of tLItst of 30e kear r-. CbtZ-4 b jaesre a I th d th
rae f Ai&OC po~~ r mi I tms cinze ttay rwzte mcb szal tear was sre

to rded Avaa fUN.1415e 4ila kco ws *eeced for f'a the fdicing info-th-

tiuixa n~ez,&1. fahe Crack it s. 'ila lwtpdit. hsr&O
on .ot o he Win~uenc of tbe od. M l -eim e

3. cr vlocty f ~e ;45pa Asee .c4. uo- e

Of -U --equiv leftk Wlt eo crack t r or toq a tur.. i

ntl"w IIsol nc~zdui lzta wsosre osat

ates osi Ifitoyi herrada fs t h e -L

c-O~ 7-fc f tk! trAt w 'med2ztb ed fth vsilecrcksn so

tea Va .---e %- - tb- cz4 ws-wrsbebyn h -rs

Me tb -*-:z: -f slo tear~ was os-e the pi wer !cad ax
rat Of 36A 40V

W__-~d Petr sme n t- r-xl- ofte-ml eir-
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1~~~ ~ ~~~~~ f h i ws co liedsIng st load framae and a 300,,000 poud
&p4a. t ZadsU~de_ (ijgi 31 aud 32). Load control was attained by thef UC o-'a~ lecrob~datiicserv-O' chanuel and a feedback signal. provided by a

- strin gage ideAt h trais gauge attached to a load link in series
-eith -thetet" janal 4fit -tfe -hydtAulic load cylinder* For develomnt of'I- ~ ftigue .racks~foiKt6''I ~lais the panels to failureaobito ouea

pIs inti1da1-S aiaa vairused as lzput to t'.e 3ervo valve. For final load-
A ing :ofilu~a, m ator dtisven pontomter calibrated to provide a nominal[I , lad at of3OO pounds per minute mar, used. incremental loading was ap-

plie by ikn~llr operating the mean load potenutiometer. Load monitoring was
4btsifid thr~ &d~ Additional strain gauges on the load link. One strain

-~ ~~~ 4 gag wsu d _fsvftl nimtoring dm ank oscilloscope using BA- bridg
- Th s~d g4~ pov~d a-signal operating a voltmeier which wasME af~tnoiywt ticak et by a35mtier ea

itin r 6fi prscn.Tesga from aiseodtrngue

;.~'--s- mnts illy directly a load on an x-y plotter* All lead recording ele-

MD TABULAR DT

In order to-provide infozation and discuission on the tear character-
-1istics i6tthe zateril1, it was necessary to record the eutlxe failure se-

quumaon flm. tua'_. tear Vehavior deteriained 66a film, recoids showed the
tear to-be -comprlsed of a series of bursts of tear 'rather than a smooth Z. n-~~- fl -- :4t mss procte. these burss vr sporadie in time and Ceddtodfe

-atyfo h two .ends of the crack. In general, however, the total tear
- acc~ulatd at ither end of th* crack wasvery uetrly the sames the crack

thui reiing syetrical about the panel center line until final rupture.
~ iik~apure f -en oceurred sintultaneously on both sides of the crack (particul.arly

f ~ or bigh*er stress, levels and shorter cracks). In other instances (usually at
lolger crack lentbs) ruiture'would occur on one side only, these ruptures

~ f. j ~ bin- about equally divided betweeni the ltft and right 31de. Failure surfaces
Were of the shesi type in all- panala.with uo visual distinction noted betweeiu
the slw ti and rupture surfaces. The results of 'tbe interpretation of film

-recmrds.ar^_ showni a3 average tear curves on Figure& 33 rthrough 43. The or-
U 'dinte (~ of tese fgures is a width corrected stress in the senethti

represents the. noatnal (gross) panel aTress ealtiplied by the Dixon- 1)- finite
Panel-width correction (Equation 6).

Direct visual comparison between all curves in terms of elastic gtressp theory is thus p~ssible,

I ~J Four poin:.s reprenting significant changes in behavior ar* marked on
the tear curve for each~ panel (Fiuras 33 throuh 3)uless two of the events
occurred sluultaneously as was occasionally the case. The crack lengths and
loads corresponding to these pointit are given in Tables 4 through 12. The

-- - ~ significance of these points Along with remarks pertinent to their interpreta-

tion are mmarised below- in the sequence of their normal occurren~ce.
1. The beginning of s1o'w tear-. The beginning of slowd tear proved difficultI to record-in a consistaut manner. First, the slowv tear did not always

1 11 start vimultaneously on'each end of the crack. Secondi, the visibility
! L! an amountof Initial slow tear varied with crack length and geometry

RI
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Third, tLe initial sioiv teari.ng vas =~all &rld vaas acctmpmied by relarci~e-
iy 7_pxze cjaoge~ irA load. As a resu-t, ctadeabt zxt-er iz tbz re-
corded Yvaluefi of tbe oz-set of w e as _,s~red.

2. -he bssd;-4o - ;axsz load: Lae st-ble siif -racl- e=zsion -V--
etaintid 4xi a carlmois loadirS process of approxinately 3OW~~
po--d4-per-tLte airez v'eifyizg the avpriate ~ieiu~lt *f ior-
zental slow tear 6vd slow, t.&-r at a 1zad r~i of 30,000 *oms-ermfti.tt
(Figures 44 awI 45). At a ,oimmt corespording Eo the maxim le- *i-
tained by in~nslba.dims, the. loa44j 16ich was initially iras1e~ef
at 3V0,00 potrnds-per-rinure, was qbsem-ed to hold con taut. trm vu

attributed to the relatively large w~i a l eurdt h
3W00 signal dcyiner= to the combin~ socoiirzed 'th as-.(hi A!h

supply syst= av4 pressure senstive servo val-Ve.) Bacma o-F- this -,b- -

served cliaraztcristic, of the za~cbine, and the coavninc afforded 1=
loading and in reco-rding subseqatnt Istzl cack iehair, -"- mtozzy~
of =-&xi= load points voere deteza.ed &-ring the cim-tinuiots kaxding process.

r

3.A crack -velocity of orne inch per astcud: Initially, stt~mts; ve made
to separre rear at sconsutzr velcoity frcm the latter &!ae of accelerm.-
tieco as suggested by Lozren 2 . Curves of ftla frAmes Vtersus crak euXth
vere plotted. As it ws not possibl* to deffwntm W distIjOIs A tear- '
constant ielocity frcx tear acicompealed by acceleratim, an -;*1 ~ -

dezzinition of a sic"e of o inch pqZ SeCOU4 wAM cbOSen. TIKS o1
cc'mrrd in all innsadices just at or ali-etly haftr -t mcksi ~a
a rnw.mh imed~tely pricedinj ru-#cure-

'. Mhe crack letwth -at ltr:the last fre cf Ifia rcer4 at zfaes

p&Lz-S6COed WjS te o thiS point, S'e tha z
,a~re is hiiph, t.t. scatter 1z Gt5c*- lemqtn obtAI-ed ax a result a
rand= re-vatioicship be,-ween te~tsair±t IL2 M I s=4 xq:tr Us' C4:-

!igvres 46 through 55 slbo SUM&Aes of zhe fi-st IT~1
widths of 20124-T3 aiin. _Sezazoe of differC&Ceas La 1' V' Z."

30 inch vide pan.llz gre zhown ztp,$ tely frow -th 9 x". 12 fi. 0 2aa

PUPLE.85-AL STUDMU

Durin~g the ccuirse of the msalm tezit pZ4?i-ogramvro -A~~
pracedurt; anA -pqssihl* ifluem-ac th#at rtai La~
&_rcuxrmd, sapplextta stdier vere iwde takem.

A study of the depencene of axi2m2 to ard -crftj4A _ ~ ;a
rate of loading wscoaawncted st the btginiot -f Ot'i 'F~ ~:~~~
adopting the prvcadwure of r-onti==ou loadftg at r. -2te. z &c 1A
per al=-te through the slov ta-i ph&.SC, Sn 4ier to -
this proced ",-e an~d an tmcrae a a Loading gxrocedure owr- r'T (immxte "4z
45). ?avAU. 5 and 9 war& ioaded imcraeo~tally. UVlor at fbsz r rafis
until slov :e~r c=145 be saon. -Afttr the cx&,zk l-zfth =aU* woar iz

2b l&ad ws incrtased until vzcnlrarc s setm. TIv b;~ s
ccntinxed n=til at th=e last sqmxll incr~ez of load, the crac4 c-~ =
extend with ths lostd held coast. Ax this pz~iat, cQli. r c ra Is t-n-r-e4 t
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IUti
and the unstable crack extension at conatant load was recorde4. A comparison
of the results of this procedu~re with the re.'alts of the continuous loading

ptcdieshvwed ltl f-rne'Fges44 and 4_5). B1ause o' the con-
-vience afforded in loading *nd in recording subseiuen. unstable cratk be-
beaviorf the majority of panels were loaded at 30t000 pounds-per-minute, Thze

4*pinels which were inerm~entally loaded are indicated in th.e data sa=nary con-

~ I tained within this report,

The fac~k thart the 15ad reached a max1.mm value and held nearly ccnstant
afiter an unstable creck length had been attained m~ust be attributed to the

~ response characteristics of the load system~. Trhe fact that the recorded be-
bavior *es iiot sensitive to the above differences in procedure was encmouraging
and should- indicate the ge~:lusefulness of the data obtained.

During the zestIng of jwnels with gross and net sections near the yield
* struas the question of wh*;zher the point of constant load could still be

pasoeiated viih crack extension neaedtd further resolution. Since the constant
losd point on the tier cur-v- is actually dtpendent upon the rcspcns-e of the
load sygtm to tb*, race of trmve of the test grips, it v~as reasoned that inl

therane f. behavior whare gross and net sect-on yielding accoampanitd fracture,
ORthe axt load point could possibly be reached without an accompanying cbange

-rArk extension. Figux.a 56 through 60 show tha lead-crack length-elongation
-Ptafiln frames at 16/sec.* fo~r 12 inch *ride -panels near failure. It can L-e

_g 0 mae that te.r velosity decr"!;ts vith increasing crack length and in the
Vloager czacZ7 n~, the pi of peak load bas only moderate s.gnificance.

!.n thp. sozver cckeA, go~d correlation batween peak load and significant in-
CIreate in tear rAre were obaie.

~~k~g tudleko* *wre =zowluc ted on 12 inch, 20 Jinch and 30 inch wide
1; ach thkes -heze stueles were conducted for thke pVrpose of

4e~ig wbtzhzr the beginn-Ing of sigiaif cant buckling displactmaents could
lot eietb wthhe obsfrvrA drop off in strength at longer crack lengths

f_-z =-ti~d4 ppzsl ia T-w aults of zhis study showred that this was not the
c Dse : tai =1 of the pazt&ls started at shorter crack lengths thsa the oh-

riol ziarved drop in A si~a.-y of buckling deflectiena is given in Table
Mhete v ~~et ere taken using a tool makers microstcope from phnto-

ffr~phs taken paralle! to One load direction Fnd as close to rhe panel as pas-

-si.The rasuitZ o-r other huckikng studicis are shol'an on P'igurei. 19 throq3gl

Figure 1" wa! t,*en an ir-±tant V orc- the fai-r.e of pane,. 434 te shbrq 1:
excent of i~la:stic Ae( aAzon neartE -C.z tip. .5 rd ntepae~a

a t~ s :ilk screen prirces-s. The lack of a large v9ibe latic
zone iq of Literesc i-hen c :sein, the pcssiie use of oplaatic zonae car-
rectica.
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