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Project 14b7, "Structural Analysis Methods," Task 146704, WStructural Fatigue .
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Flight Dynamics Laboratory, Research and Technology Division, wrigh:-Patterson
Air Force Base, Ohio, by Mr, V. E. Rearney, FDIR, Project B:;gineer.
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program was under thlie technical direction of Hr. R. Ds Hayes. i
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FRANCIS J. (MNIK; .JR. -
Chief, Theoréetical Hechanics st.:-.ch
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. 7 ABSTRAST

: ' -
_ The objectives of the study program were to define and verify a synthe-is
-of strength-Tiniting paremeters for fatigue cracked panels which woulo be

~ applicable to the widé range of conditions of interest in the engineering
-.problenm of stréhgth anelysis and to present this synthesis in a form that
“would lead Yo & better éonceptual underscanding of the interaction between

pargmesterss .

The program consisted of an analytical study and a supportins exparimentsl
studys The analyticcl study, governed by the above objectivec, considered
fracture in thi’ elastic zange with buckling restraint provided, fracture com-
binsd with met ‘weEion and gross section yielding, =nd fracture in the elastic
range for unres “ained panels, The design problem involving appreciable
omounts of slow iear 4as alsc considered. Th( ex; arimental program provided
supporting inforiation on the behavior of fatigus cracks for bare 2024-T3
alimioun, Limited test dats were #lso obtsined for dupler annealed titanium
8A1.JMo~1V, The 4luminum alloy crack lengths ranged frem .5 inch to over 10
inches, Panel widthe were thirty, twenty, twelve and nine inches; and nominal
panel thicknesses wers ,08C inch, .063 inch, and .032 inch., The titanium alloy

‘panel widths were twpive dnd nine inches, and thicknesses were ,045 inch and
" «0Z0° inch. Buckling restreints were used for approximately half of tns panels
" tested. ‘ )

o Test informatfon from other sources was used to illustrate specific
poiats in theory and to show the generality of conclusions.
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1 INTRODUCTION™ B

During (lte past several years, ihefe hag Loen coneidarab-e aévancment nin
the concepts of fracture mechanics and in the sppiicstion of thase concepts tor
the problems of msterial avams..ionl. In chose drs:lg;s c&ses where relat:ively

has also provm valuablez. However, fox aas:lgn aad: atrng:h "x&iuatiens ‘foz ,_’
those ralatively ductile msverials of most intisrest for ti;c,.raft: st:ructu:e, LT
larger flaws or fatigue cracks are tore 1ikely:-to L2 5f interest: For fhase i
larger flaws, parametérs not normally considered 23 part of the tzaterials o
evaluation can have & significant influefice on the. zewltingrstrength. Thugs - =
while materials evaluation studies haye for the most psis esployad the. fractyze. =
mechanice corncepts, many of the studies-more direc»ly cancemed*.dtt; A
ai evaluation have chosen siternate lpproache; which- ,R"uit: £h3- inttoduct:ion;
of additional varisblesds#s9:6, one ‘0f thése dlternste: mthpda, the notch- -
strength analysis aethods’s bas found favor for its. ability to evaluite the -
strength reduction resz.lting from fatigue cracks for those cases where gener&l'
vielding accémpanies fracture and also for those cases -whesé buckling occurs -
due to the presence of a fatigue cracks The notch mlvas.., ‘method makes: u@
of an cffective radius conce pt7 and, thua; tha infomatzon u:ueny g:ﬁh’ f a@

useable. Data from which the iafluence of. genenl yieldmg _d p;nal bucklir;s
can be detormined are seldom a\'n:llable. . e

atrength e more lpplicable tc design o:ientcd pronlas, ﬁxrchcr*ﬁnderstmding P
of the influence of gecmetric v:riabln wn* ba ;tt&inuiand design ut_hods

shouvld be cxplore_d.
objective in mivd.

I
i
)
WAy
' Te




-

T1 SUMHARY

Pt T o= dhe’{nfluences of gross section yiziding and panel buckling on the sctress
weepdicy for Clis enid 6 atebie tear ia wWide panels is presented in the fomm

~disgran {Tigure 29) having three non-dizensional axes representing ulti-

ate strength faflure, elastic Fracture and tha inluences of panel buckling.

Three 3cnas-of behévior are designsted on the diagram as follows:

-*z .Zondé-1 ~Skoxl Crackz « The beginning of unatable tear occurs due to a

- iézbination of fricture and gross section yielding. The suggest-
- 77 od équition £3r predicting the stress intensity at the beginning
" 2F-7~ of unstsble tear is H

_. - = —:i B - ) 7 ) -F. m -
,A‘ T - -7 o <a.c -0,"8'.0-? N + o.e % = 1
;—' . . ) V o 7 .- . B ) O'u -6»8 O'y kz

~ Zone II Intermsdiyte Cracks - The beginning of unstable tear occurs with
S - gross panel strees in the elastic range. The influence of panel
"= buckling 4n 2024-T3 siuiinum can be assumed constant; with the
' -streas intensity k., &= the onset of unstable tear cocrespondingly
less than in guidns panele. The quantity, Aro - -8 ) 2, is
' =8 g,

u
negative and, thus, assumed as zero so that the equation for pre-

dicting unstable tear becozes

sl _
k,

Zone 1II Long Cracks - Cracks whose length to paaucl width ratio exceeds
1/3 can be expected tc -how further reduction in the stress in-
tensity, %,, resulting trom the infiuence of panel widtk on
buckiing.

1

The use of the interacticn diagram 1s fllustrated by data from 20 and 20
inch wide panels of 2024-T3 aluminmm. Trends and behavior of Xatigue cracks
in 9 inch wide and 12 inck zide 2024-T3 aluminum and titanivm 8Al-1Mo-1V are
explained in terms of components of the interacticn diagram and by curves
showing atrength reduction in narrow panels beyond that predicted by elastic
analysis methoda.




111 PREFACE , S

The discussion and theory are presented in the Xollowing séctions. - SILE
Seccion IV deals with the problem of panels to which sufficient lateral guppezt -

’3 provided 1at the panzl remsins essentially £ist at failurs .(guided p&nels“)' s
and the n oss section rewains elastic., Thase lizitations fn behaviof curs - -

rently ¢ ..me Zhe problem area in which linear elastic fracture mechanics: have:
proven relstively successfull. In approaching tke presentation of- thzozymfo*“ —

;his range of bedravior, the need to incorporate problezs involving stavle érackN e (8

growth led to the choice of static considerations of ylcicate stfain.at tEe—
crack tip as & failure criterion rather than the more standard»ensrsy ;pgroach.

The £1i_st section of theory thus reprerents an attemot to zac*-” ?---i¢cazr- -
cepts of fracture mechanics :ln terms of staric consideratﬁms insofcr as” p:a.- -

ticel. An attempt has alao peen made to define limitations of cuirent theory.

and thus define the 1imits of panel geometries to which the extensﬁm; of theory‘

explored if subsequent sections are applﬁubler

The sections that follow consider cxtzusforis of theory for problesms- of =
general yielding accompaaying fracture, failure of unrestrained. .panels thet - -
distort from a flat panel prior to failure (plnel duckling) andtﬁn,gi..,; the -
synthesis cf the strength reducing influences of fracturé, yieiding, ufa piﬂel
buckiing into 2 single frilure disgram.

An wsdaditional section discusses the problem of pzedicting the nonnt: of

slow tear preceding final rupture and includes suggestions.- of haw~this ndditian- =

al varisble ci&n be introduced into feilure considexations,

Because of the cogplex nature of the fracture prc blaa, aﬁtxyvhhe- rqmu‘"f‘
lations suggested are empiricel in nature, In each case; howéver; an- Attempt—
hus been mede to ratain a2 least a qualitative thecratical ibase and: towgmv“de
for growth potentinl within the basic forsulation as xmders..andins 1y ‘ﬁzczetu
It is hoped that the resulting compilation wili tius both-2dd to the bnf "
underftuxeing of the 1ntara:.t:ion bemegu strength hfluenciv\g p;rz&ex:erz

in the development of curves and illu;:nt.“ton of thecc,,"unles- spetiiﬂit, iy®
noted, vere outained during the supporcing test progrt. A tabulated mf‘ry__
of these data along with stress vs crack lingth curves ara £ound m !:hct ¥
Appendix. ) ' e

’ T :
‘s b
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’rhe daffaicloa of fa:llurs jn a b“fittle material is & relatively simple
gag‘%e,. ‘due o the- hck of -significant srounts of alow tear. Thus, the initial
crack-'length and the sttess corresponding to the meximum load are all that
sed be consideréd. Additionauz, plastic deformation is not a aignificent
;;casiﬁen*ian ﬁna an e}.astic fomuhtion of stress ctucentration or enzzgy 18
- mmab}.y appZ Ycakis, For a zeii‘t:ivﬂy ductile material, however, tie prob-

L 1éa becomes- moTe. co@iex. Stablé 8160% tear initiates at a load level co id-
“erably-below ths 4ltinite Toad. In this steblé slow %aax phasc, the ter ng
;can-be atoppeﬂ by utopping the loading process. Eventuslly, a maximm  ad

s TEacheds 1L this maximim load Is approacked through a process of . 1l

e 4 inctmuts of bz&ins, successively ‘longer increments of tear ~an e voserved
=~ .as: the maxisio 1oad is approached. A%z the maximm load, an additional incre-

““mentif losd witl remult in a continued slow extension of the crack, indicat-
: iss an unstabla condition. Near the end of this unstable phase of crack
f‘exbznsion, noticesdlé sccaleration occui's ending in an explosive and almost
instantaneous sepeyation of the Temainder of the uncracked section.

rosszm qunznsmm

E"m the above faﬂuve sequence for a relatively ductile material con-
‘uining a crack, twe diffcrent methods of measuring or defining failure
- Sriteria aré curcenfly used.

1. The initig? crack leugth and gtzegs at maximum load’.
7 -2.> The crack 1gngth and stress at maximum load 1.
_Two siiditional criteria could be of fintarest.
i The crack length and load at the onset of czack zcceletation.
4, The crack length and load at rupture.

Bach of the above criteria properly have a place in the oversll problem of
strength evaluation and analysis. The typical sequence of these four possible
eriteris are shown diagramatically in Figure 1. From Figure 1, it can be seen
that with the exceptica of the first criterion, each criterion could be repre-
sented by some instantanrius condition of stress, strain, or energy within the
panel during ths failuze sequence. The first criterion of initial crack length
and maximem load is not subject to rigorous stress, strain or energy interpre-
tation. It is a combination of twd guantities occurring at distinctly difer-
ent times during the failure sequencs. It can also be scen that only the first
criterion pemits the determination of the maxizum load &ssocisted with a knota
initfal crack length. A criterion relating initial crack length to maximum
lcad is définitely needed. A possible method for develeping this criterion,
through parsmeters of stress or strain, is through the definition of the amount
of stabla crack extension®, This is ¢lsc shown on Figure i,

For the purposes of this report, the second criteriun, crack iength and
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- n:ress at nsximsa ioad. will be used 25 2 definition of crack instability.
- Whenevér referesce 1a made to one of the four points shown on the Figure 1,
the zppxopriate subscript w11l b= used.

] j s ;Beg;pse o£ tha need o consider stable tear as well as the critical crack
Sl ‘lmth—- maximes 10:5 :ehtionsixip, a8 crack tip stress or strain spproach is
“Bost. Jpplictole. This spproach can be presented in the form of a stress in-

s o "g:tb,aity yarmter ‘for-wide panels

. x=glX '¢3)

k = a-measure of crack tip stress intensity
U o, = gross pinvi stress

; S = : ,f; = the total crack length

.- In applying the stress latensity spproach to the criticsl crack length -
:g - 7 _.piaximom load point, the uppir 14mit of the stable crack lengths can be consid-
 ered to bc the szze as the lower limit of unstable crick lengths defined by a
: ’critical energy reélesse rute, This resolves to the fact that either a critical
- -CrAck tip stress or strain, ot a critical eneggy relesse rate is sufficient
- -ériteriSsfor the definfticn of in:ubﬁity It is thus pcssible to use
= tjn@*&\iuity spproach and still be compatible with fracturs mechanics

concql\\*'”"‘nntabﬂi*y and energy release rates.

XL

S MMKGO?%SEESSMSHYPW

For the purposes of explanstion of slow tear phenomena and the considera-
- ..ian—tu fa{lure under co=binvd conditions of fracture and yielding, it is
© .dasirsble to appraise at least qualitatively the components of tke stress in-
T tmsity paremeter k. This can be 2ccomplished by consicdering the equsticn for
- el;stic stress or strain at the tip of & crack in an infinitely wide pagel:

Ju 0'0 ZL )
ﬁ:e:e: e, = ¢ritical or ultimate crack tip strain (actually, this

is a physically vndefinsble quaentity as neither the

g2ge length nor stress condition is known to the extent
that it can be derived from prosent methods of measuring
strain on unmotched tensile coupons)

0, = Ultimate gross panel stress corresponding to ey
I = Young!s modulus
A = crack length

p' = Bffect?te crack tip radius similar to that defined by
Heuber




Equation ‘2) involves two unlmowne, e, a23d £'. In order to nsc egua-~
tion (2) witbout solving independently for e, 2nd g, it is pecessary 1o
assuze that o' will be small so that [2£5>1.4ith this assusptien, equation
(2) becozes i

G;,l%=euzﬁ=k 3

Equation (3) is most applicabie to proble=s imvolving elastic behavior. For
ttose cases where the observed critical crack lengths occur at a near constznt
value of kp with local plastic deformation adjecent to the notch tip, egquation
(3) can be used provided the guantity p’ is asermed =2 2 l=pcd peTasster
used to account for the influences of local plasticity.

The stress inteasity paraacter can thus be cons{dered a para=eter having
two rmeasurable components e; 2nd p° . Of these two, &, =ist be st some
critical or limiting value vhenever tear inft{stes. Instability may or =5y
not follow a3 instability depends on incremental chsamges inm crack tip condi-
tions as well =5 on the instanteznecus condition of critical crack tip strzin.
These increzental changes can be qualitatively explained by varisncs 9
quaatity p’,

BELATICHSHIP EETWEEX THE STRESS INTEHSITY PARAMETFEE AND CRACY TIP STRAIR

During the slow tear phase, 2 Interesting relatiomship between the stress -

intensity parameter, k, ond true crack tip strain can be observed (see Fignres
&4 and 45). The onsat of slow :ea: .néicaces that 2 saxima= or criricsl czack
tip conditicn has been reachesd, ter the £irst incresen® oZ tear 2% comstaen
load, the crack remains stationary tm..il additional load is applied. With -

sufficient addirfonal load, additional tear occurs which will again halt £€ the -

load is held constant. Thus, it cen be observed that the crisfcal strafn level

at the crvack tip can be reached many tizmes between onsst of tear znd fnstabil- |

ity; each time at an increased value of k. Referring to egeaticn (3), for z
given value of k, the maximmm crack tip strain is dependent upen the value of

the effective radius p' which is assumed to account for the influsnces of leca{

plasticity. While this interpretation of equation {(3) is not rigortus, sc=ec
useful qualitative evaluatioans ~an bz made.

In terms of eguation (3), the range of stable tearing that takess place
prior to instability of a crack cen be Interpreted to =ean that once the crack
tip strain reaches sose critical value, 2d4itionsl =ztsble tesr iz possidlae
only wvith an increase in g . 1Instability s thus considersd to eccar when-
ever the crack tip strain has reached a criticsl value for tear and P can
no longer increase sufficiently to compensate Zor sdditicnal fgcressss iz k.
For changes in k with the load keld constant, eguation (3) could he mriteen

for an inc-esental increase in the leagth f up to the critical crack lesgth
at which instability occurs.
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For €he first unstable increment of crack extension, equation (4) pecomes

dks, & E aV P (5)
i vim oL

i

it has been suggested-that the increase in p’ can be attributed to the devel-
opment of the shear mode of fractureld; however, observations on 2024-7313
which weré substantiated during tnis program showed the development of the
tear resistance to occur with fully developed shear suzfaces throughout. Thus,

& mox¢ géneral dependence of tear vesistance on plastic deformation is indica-
tad.

e

Tu% INFLUENCE OF PANEL WIDTH

e T

The influence of free panel boundaries near a stress concentration such
a3 a fatigus crack csuses stress in the vicinity of the crack tip to be higher
than would be the case if the boundaries were remote. To account for this in-
fluence, a stress correction is usually employed. The stress correction used

» 33 ,&

i} Shroughout thie report is that proposed by Dixon 1,
' — ¥
o= 0'0‘.——1—-2 (6)
[ (4
W/
=~ ere w = panel width

el

T = width adjusted stress

.. A 19
Tha Dixon correction has found favor in engineering studies ~’°~ and is within
3 psxcent of the Westergard width correction uvsed ir the current fracture
toughnass formulationl?

it

|
= ! 2 (7)
. I} y 2

o (L)
aed W
) In addition to the elastic width correction (equation 6), an additiovnal width
.3 influence has beer illustrated 113 which, when significant, woul< cause the

) stress intensity at tha begirr-ing of unstable tear (kz) to be a variable with
- width. An easy way to explain qualitatively this width influence can bec ob-
: tained by rewriting 2quation (4) for a panel of finitr width using equations
s (1) and {(6) -
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1
- 8
d _ d("‘of* [1 .(-%32_! )= i a/F (8)

d o V2 al

T

Equacion (8) shows that the rate of change of k with respect tc £ in-
creases with the L/« ratio tiwus agreeing with the chservations of Reference l.
Since the rate of change of 27 with respect te I seems to diminish neax the
instability point, the last pos:.ble equilibrium solution of equation (8) tends-
‘to be at lesser values of k for increasing values of £/w. For values of Kfw -
less than 0.5 in 2024-T3 aluminum, the change in instability from that of an )
infinitely wide panel is relatiyely small as shown by the tangency of effective
stregs e ' tesr curves, Pigure 2a, and in the k% vs £ piot, Figure 2b, Figure
E 2b can easily be compared to the energy release rate form of presentation. o
i Figi ‘e 2a is however cunsiderably easier to tonstruct. -
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S The two width corrections discussed above, equations (6) and (8), are both
e based on elastic theory and are thus increasingly inaccurate as local yiast!c

e deformation near the notch increases., However, as long as tfie loccl plastic

E - defornation reaches approxiuately the same extent at the beginning of unstable = -
: tear over the range of geometries of interest, predictions of tear instability =
: A based on these elastic equations can be relatively successful. In this re- - - =
L, B spect, there is su addicional width influence that must be considered.. This R
ie the possibility that local plastic deformation at the crack tip can be sig-
, nificantly influenced by the proximity of the panel boundaries. In .actuality, ,
BE the plastic deformation should be influenced by boundary conditions whenever - -
s o the boundaries are close enough to influence the elsstic stresses. For a givea -
3 crack lepgth, this infiuence should generally increasz as ductility increases -

=~ 3 and as width decreases. The psnel widths for which this influence causes- - - = L
2 significant error in unstable t2ar predictions based on elastic equations-can . -z
; usual'y be avoided by following recommended fracture mecnanics practicel.- N '
E © 3 Particulsr problems arisr, nowever, when elevated femperature testing is in- - °
E 3 volved. T
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ié { To tllugtrate the nature of the influence of panel gi&tb on guided panels
AR of varied materials. Figure 3 shows the fraction of wide panel fracture

|
E
% streagth (:_:_"’-.a)stcnined in successively smaller widths for a verriety of materials, g
" Width corrections wers made using equation (6). Width correctiona of the type ‘
3 1llustrated by equation (8) were considered to bs small as the f/w ratics of E
e the test panels were generally 0.4 or less. Tle yleld/ultimate ratio of the
E several materials is also shown to indicate _he general influ~xnce of ductility. E
Figures 4 arnd 5 show similar behavior as a function of tempe:sture in test panr: .
data selected from the ssme heats of materials tested at ambient and elevated -

7S B temperatures., - - » g ,

DEFINITION OF WIDE ZND NAKPOW PANELS

5 Prom Figure 3, it can be seen that for each materfal, there is a width of : | I
= 3 panels above which further increase in width will cause little if any change ;
-0 in the stress intensity at instability. Panels having widths equal to or
- above this 1imiting vale will be referred to as wide panels in this report.
a3 Panels having widths less than this limiting value will bé referred to as
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- by upy-of curves: such as Figures 3, 4, and 5.

- .. canbe

For the prepent, strength pradiction of narrow panels can bast be handled
While this catagory of panels

" 48 generaily kaowm to exist, it is siynificant that much cf the available data
£&lls within thic range. It is possible that correlations such as shown will
“ead. to 4 better understanding of this phenomena and to methods of intexpret-
.ng“uide panel -strength from data obtaired from narrow panels. Before this
done; howsver, a considerably more complex means of ranking materials
frast. be devised to account for ultimate strein differences and strain harden~

. _dng cheracteristic_.

:: S Bacause of~the limitations in using the stress intensity parsmeter in con-

o 4zmction ﬁit!i NATTOwW panels. ;hg discusaion of atrase intenei ty nnﬂl_‘l_ggtigqg

i3

in this report is limited to wide panels for which elastic considerations of
"sddth correction are aufficienc.

" PLASTIG ZONE CORRECTIONS TO STRESS INTENSITY

At this point in discussion, wide pcnels have been defined as those panels
‘ghose tear behavior can be cottelated in terms of parameters based on elastic
considerations (equations i, &, 8). Normelly, fracture mechanics includes an
_ additiénal corriction: based on the sizc of the plastic zone adjacent to the
crack tip., The plastic zone correction is not used in this report. However,
“the wide use of the plastic zcme correction, makes it desirable to discuss the
reasons for rot including it in the computations of stress intensity.

The plastic gzone correction to the stress intensity parameter requires
thg*-zhe tadius of the plastic zone be added to each end of the crack tip and
t the cesulting increasad length b2 used in stress intensity calculations
;s*:n “2£fective crack length."

The zrwin wedel for computation of the plastic zome size csn be expressed

Tp = radius of the plastic sore

&n improved form}* bascé on the Dugdale w0del Zozr e crack!® ghows the size of
the plastic zone to be degsndent on the crack length in the form

! 1
i a
r, = 2L [secl .20} -1
P 2[ (2 O'y)

The dependence of r,, on creck leagth, as proposed in Equation (11) can be

‘seen in its series expansioni3.
3
(%%) : +] k12)

(10)

where &k -a;\uq-

~

(11)

o — . —— ———

r =Qz [L+§~!§-) + 81
P 4 12‘\

5(F)

14

277
t %5 4032
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3 = L..E
g 2 oy

It would appear that use of a ¢orrection to crack length based-on a plastic
zone predicted by equations (10) or (12) would considerably improve the Iower
limit to the range of widths for which strength could be predicted by use of
stress intensity parameter k. Hence width influences shown in ‘r‘igu:es 3 4,
and 3 might be greatly reduced. - Lz

An attempt to apply this eorrectton to data cbtained during the .test pro- - e
gram for 2024-T3 &luminim shtowed an interesting fact. WFith reduced viidth for - -
panels of 20 inches, 12 inches, znd 9 inches, unstable tear (k3) occurred at
reduced stress levels. Gross stress at unetable tear plotted against crack -
lengt:h to panel width ratioc At instability, showed all three widths to hgve = .-
nearly equal failure stresses at the same f//w ratio(Figure 6):; Tec {Ilustraté
the influence of this relationship between //w sud gross stress op the coaguted’ )
plastic zone sizes, equation 10 may be used to writa the rstio of plu:ic zqne -
sizes for a 9-inch and 12-inch panel of 2024-T3 aluminum. s

. - 7: . ‘_v,,\ - s “f-; o
P9__ 2\7 e o e o - o

12 1 ( kiz\ 2
2 “‘6?;

From Figure 6, a crack of //w ratio of .3 will fail ot the ssme gross siress ] ST
o, in panels of 9-inch and 12-inch widths. Since the relationship between - e
gross stress and width corrected stress,T, is dependent cn the llv ratio- - :
(equation 6), the vaiues of Z will also be the same at f«ilure. For this

exanple, equation (13) can be \ritten. 7 o i
tp9 [0(3::9\12_ 2 ; N

or .75 - (34) N =

{0’( 3= -2}4 ) i - - - -:. -}'”’:. ‘ .

trend as shown ¢n equation (14). Computud plastic zone corrections are thus
proportional to both panel width and crack lengtha and revised values of the A -
stress intensity psraveter k, showed zhe same xelative influw.uce of width.. To- : =
verify that this phenomenon does occur in 2024-T3 aluminum, dsta from Rtfereude -
3 were aloo analyzed (Figure 7). No particular fundamental significance is, -

attached to this phenomznon s it does not octur for wider widths, The 20-inch R
wide and 30.-inch wide panels of the test prognia choved no difference In :
strengths whon compared on the basis of computel stress intensity at mstabﬂity. o
Also, this/ /xs vs. stress relationship would not hold for panels of lesser L=
ductilicy than 2024-T3 aluminim shown on Figure 3. Figures 6 and 7, and equa< ] =
tion (14) do point out, howevar, that the practice of adding & plastic zone ;L&
correction to crack length is l¢ds effective thsu the influence of width-on - G
stress intensity for the alu=inum slloy 2024-T3. Due to the above reasoning, S
plastic zone corrections were not corsidered in the presentation of data of ‘
this veport, 15 -

Equation (12), while giving slightly dirferent results, still hzs ths same S - g
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i 3. Crack Instability can be considered to be sensitive to the rate of change

In genenl, the thickrdess of a panel can have significant influence on the

- ’:stress'intmity at vhich slow tear and crack instebility will occur. However,
"_“the rangcof ‘thickness Zor the “aterials studied in this report csused both

thes gi:ming of slow tear £nd che beginning of unstable tear to occur in the
sdr-mode J(mane :trets). Hhﬂe ainor differences in tear behavior are bound

: P
ecaa:::fc iafluencu. For thas renon, thickness differences have for the most
s im:ed, and -average viluss of stress intensity have been used.

s@mrz 0? mm ?0" -GUILED. PAREL.» Wit ELASTIC BEHAVIOR AWAY FROW CRACK

;7 - : ) k =&£¥ (15)

E ‘2o !'c: wids panels, mf{ueﬂce of width on the elastic stress intensity para-

mater can generally Ge- adequately handled by vse of a stress correction
detivtd from elastic th‘ory. Of these available, the Dixon correction has

bcca nlectcd
1 H

\

(16)

of streys intensity with length. This can be quelitatively illustrated by
th relationship

d{s/ 1 ¥]

. ool \1° QYIJ _  %riticel 4vF (17)
af YL d/

For values of f/w less thsn 0.5, this width influence is szall for 2024-T3
aluminum,

4. For panels having widths less than some minimem (Figure 3), the proximity
of & free boundary can significantly influence the local plastic behavior
adjacent tc the crack tip and thus czuse considerable reduction in strength
from that predicted by elastic assumptions and wide panel behavior. 1Imn
this report, panels in this catiégory are referred to as narrow panels.

The strength reduction in narrow panels generally incresses as ductility
increases and as panel width decreases (Figures 3, 4, and 5).

5. FPlastic zone corxrections to crack length are less effective as ductilit
increases. In 2024.T72 aluminum, a near constant relationship between
and gruss stress at the beginning of unstable tear was found to exist.
This relationship caused computed plastic zone corrections also to be pro-
portional to width resulting in no improvement in the observed differences

18




6.

7.

8.

in the stress intensity parameter for widths of 9, 12, and 20 inchys. Jic
difference in the stress intensity for unstable tear was found fo’ ks QERY
30 inch wide panels.

During the stable tear, the crack tip stress and strain can be csusigersd
to remain constant «t & value critical for tear while cespensaring irfiu-
ences of local plasticity permit equilibriuz to be sustained at ixcoszging
values of the elastic stress intensity paxcmeter. This c.n be guaiitative-
ly explained in temms of an effective radius P’y the relationsbip.

&_ SE a/fFf
df 7z e

€8T Without further increase in icad waen

& NE &P
af Jz.  &f

All observed failures in 2024-T3 and titanin=m 8al-1o-1V were in the shezx
code. Variation in critical stress intensities with thickness in guided
panrlc is not a major consideration in 2024-T3 aluminum for thicknesses. of
.032, .L493, an? ,030 inch. For the purpose of correlsting large differ-
erces in rhe stress intensity at unstabie tear resulting from geosetric
influences, sverage valuus of stress intensity can ba used for tha range
of thicknesses in this report.
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¥ GUIDED PANELS WITH INELASTIC BEHAVIOR AWAY FROM CRACK
APPLICAYIONS

For selatively ductile materials such ss 2024~-T2 aiuminum st room tempera-~
ture and titanium 841-1Mo-1V at 630 degrees (coapave Figures 3 and 5); the
bshavior of fatigue cracks is such tiat the lower limit of the crack la2ngths
thet could zeasomably be found in a structure are those that would only fail
under stress conditions high encugh to cause general yielding away from the
crack. ¥hile this condition in itself implies a structure safe from catas-
trophic crack propagation at normal stress levels, it is desirable to be able
ko predict the ultimate strength cf structure containing fatigue cracks in this
range for the purpose of predicting probability of vehicle survival under
gever. cenditions of environment. Additionally, for elevated temperatures, it
wou d b extremely desirable to be able %o interpret correctiy strength studies
made using short cracks in small couponslé.

INTERACTION DIAGRAM

While there are many ways to approach the problem of fracture accowmpanied
by yielding, the method selected herein uses the interaction diagrami’. An
interaction diagram can be conscructed f)r any two (or more) failure mechanisams
by the following steps:

1. The strength under each simple-loading condition (temsion, bending,
fracture, etc.) is first determined by analysis or test.

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

Ry = applied loadinz of type 1 (18)
critical loading of type {

the word "critical" can be interpreted generally to mean the loading
at failure under cond“tions represented by the razio Ry alone, whether
it occurs by buckling, ruptuxe, or any other form. For example, for
the case of simple tension szress in an uncracked panel

R = %o (19)
1 Ty
Thus, at failure under a simple tensi-n loading
a,
Ri=—L =1 (20)
Cu

3. The effect of one loading (represented by Ry in Figure 8) on the
8llowable or critical value of si.iher simultaneous loading (Ry) ig
reprsgented by an equatisn or charst involving Ry and Ry, (More than
two loadings can 2lso be handled in this way).
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< en ‘IHTBEACTI&} EQUATION FOR YIELDING SIMULTANROUS WITH FRACILRE

" ‘%; - ;i?igﬁre 8 shoys an interactian diagram developed al-.ig lines illystrated
' -3boveé: for the irteraction between the tensile mode of failure and rhe fraczuxze
i: = -mode St reilure. Data obtaired duriig the cxperiment.l program are shown and
B “*géygi:;l‘ intercetion curves hive been drawn bared » the equation

g

EER , Dogsl
_. <¢rg - 080N\ S (21)

(0"“ - C.8 a'y kz

Equdtion (21) is an interaction equation for the simultaneous yielding and
fracturs of a panel containing & fatigue crack where

¢, = the vield stress of the material

n

% 0O, = gross strass eway from the crack
5 an approximaticn ¢f the proporticnal limit stress

y
o
y
@, = uitimace stress for uniaxial tension loading
T = width adjusted atress for crack tip stress intensity
4

i

crack length

ks = the value cf stress intensity (5'?]5) for unstable
~ tear without yielding

= m = gan interaction exponent to be determined experiment-
ally

Th2 bracket notation ( } is reasonably standard 18 .nd indicates that the neg-
ative values of the bracketed guantity are treated as zexs, i.e.

o=
vhere x> 0 <x>m.___,£n

H—

In the form presented, equation (21) has a discontinuity at the pruportional
limit and reduces to a single parameter strcss intensity equation for fracture
I when the gross cxoss section is elastic (g < .80&).

THE INTERACTION EXPONENT m

1 The interaction exponent, m, is & strain hardening sensitive exponent and
can be qualitatively explained as two limits of materfal behavior are ap-

i proached,

|

[J These limits are:

R - -5 .
L T T T B e
e




YRS el e e

1. The elastic limit - A material having the characteristic of a nigh
degree of strain hardening will approach this limit as shown by curve
1 of Figuze %a.

2. The elasto-plastic limit - A material having the characteriztic of
low strain hardening will agproach this limit as shown by curve 2 of
Figure Ya.

Interation cuzves dredicting charucteristic failure trends for materials
approaching the two above limits are shown on Pigure 9. From Figures 9a and

9b, it can be seean that the strain hardoning charicteristics of a matericl and _

the interaction exponent w— are related. A typical stxess strair curye for
2024-%3 aiurinum is gznerally of the type illustrated by curve 2 of Figure %a.
Thus, agreement of experimecatal data for 2024-T3 aluminum shown on. Figure 8
with a curve using equation (21} and &n 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 muot be rezembered that the
proportional limit is also s problem variable and shifts the region of the
interaction diagram infiuenced 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 tha coefficient m is ron-existent.

It i{s belisved that further study of tho xelaticnship bstween sirain har-
dening varisbles and the interaction coefficisnt m will restlt in a more quan-
titative definition. Until that time, some useful qualitative estimates of
interaction exponents can be cbiained directly from examination of the shaps
of uniaxisl tensior stress atrain curves.

STRAIN INTERPRETATION OF THE INTERACTION EQUATION

The quantity<:%b - 0.8 QQN\ can be interp. ated in terms of gross. strain
oy ~ 0.8 oy _fy}j,
away from the crack as showm on Pigure 10. 7igure 10 shows that the quantity

9o - 0.80y) repressnts & atraignt line approximation of the fraction of
Gu - 008 a'y ’

critical stzain in the gross cross section 1if elastic strains are considered
to be small and ignored.

In a-similer sense, the fraction Eé; can be considered to ba an approx-

imation of tha fraction of critical strain in the form of a concentraticn at
che crack tip., This requires the assumption that the elastic stresds intensity
factor can still give approximations of crack tip strain concentration in the
presence ¢f general yielding. This of course; ir not true. The erroz acsumed
in making this agsumption is accounted for in the exverimental determination
of the interaction exponent which implies a nonlinesr interaction between an
slastic crack tip strain concentration parameter and gress plastic strain.
This approach, while arbitrary, does allew the elastic stress intensity factox
to remsin intact and, in turn, makes association with linear clastic fracture
mechanics somevhat easjer. ’ -
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Using the above sZrain intsrpretation of equation {(21), the equation may
be restated:

(Gross section strain)® + elastic crack tip strain concentration = Critical
crack tip strain.

‘CCAPARISON OF INTERACTION EQUATION AND NASA NOTCH ANALYSIS EQUATION

The NASA Notch Analysis equation (Reference 5) has a fomm similar vo
ecuaticn (21). The interpretation is, however, in terms of stress rather than

strain. This equation can be written
G = 24 Egec
criticel =% + 0y V7 T {22}
where

Ccritical = critical crack tip stress (Figure 11)
Bsec = gecant moculus at the critical streea
P’ = effective notch radius

g, = net cross section stress
Ar spproximate solution for the critical strain (e,) should be obtainable by
‘Gividing both sides of equatifon (22} by B,,. (see Figure 11) so that

'~

=T O /2
Egee E

&

u (23)

For a wide panel in which the difteorences between net and gross stresses
are small, ecuation (23) can de stated as

critical strain = _9¥g + elastic crack tip strain concentra-
Eseg tion .

The term .70

Bgec
this term is continuous and significant for all velues of o, at failure above
and below the proportional 1limit. For this reason, equations (22) and (23)
cannot be reduced to the fracture mechanics equation when the gross cross
section streas §s elastic. This lack of a discontinuity at the yield stress
or proportionsl limit stress is regarded to be the most significant limitation
of aquation (22), :he fact that equation (22) cannot be interpreted in terus
of strain paramecers is viewed as 2 related limitstion.

cannot be diractly interpreted in tems of strain., Further,

Bquation (21) does exhibit the required discontinuity in behavior at the
proportional 1imit and does have a strain interpretation. Additionally, equa-
tion (21) incorporates the alastic stress in~enslty parameter and reduces to
linear elastic fracture mechanice form in the elastic range. The interaction
exponent m which is prequired in thke inelastic range of behavior is related to

i
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L
strain hardening characteristics., For thesz z<asens, squation (21), while

8till empirical in nature, is balieved tz Zave greater potentizl as 2 basis
for fiture developmant. The emphasis o~ strain variables rether than stress

‘'should lead £o further clarificgti=Z and unification of theories.

SURIARY"OF THEORY FOB ZZZLASTIC BEHAVIGR AWAY FROM THE CRACK IN WIDE GUIDED
NEST o

1.  The influence of gross panel yielding can be correlated in tems of an
interacticn equation of the fom

2%
0, - 0.80% + Gv 1
x o, - 0.8¢0 k
Yy

This equation can be restated

(gross section strain)® + elastic crack tip strain ccncentration

= critical crack tip stzain

2. Ths interaction equation is discontinuous at the yield point and reduces
. to the elastic stress intensity equation when 0, <0.8 o'y .

3.. The exponent m varies with material strain hardening characteristics with
high values of m corresponding to a high degree of strain hardening, and
low values of m corresponding to low strain hardening.
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VI THE INFLUENCE OF PANEL BUZKLING

IMPORTANCE

Considerations of fraccture t~ this point have assumed that che test panel .

remains flat until fajlure. Nomal fracture mechanics procedures used in
material eveluation studies use restraining guides to hoid 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 program
are shown in Figure 15, The strength reduction caused by buckling in 2024-T3

"aluminum panels csn 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 simple tension panels. Unguided test panels
with reletively large f/w ratics show reducticn in stremgih due to buckliing
that may not occur. Additionally, engineering structures are ofter subject
to biaxial stresses. This stress conditicn is not obtained in test panels

except thrcugh complex loading procedures. Therefore, an attempt at indirectly

estimating the buckling influence through bisxial strair considerations i
warranted.

GENERAL CONSIDERATIONS

The phenomencn of panel buckling adjacent to a crack (Figuve 15) can be
easily explained in & qualitative sense. Quentitative definition of thisz buck-
ling and its influence on fracture strength is extremely difficult. In orier
to obtain a qualitative understanding of these phencmena, congider a fatigue
crack in a panel loaded as shown in Figure 18. The oyerall width of the panel
can be considered to decrease by the relationship

oY _ ey w (24)

2
where - K = Poisson's ratio

r- strain normal te the load direction and parallel to
the crack

Foy = BTOSS panel stress awsy froa and mormal to the crack o

—

1f the panel is to remain flat, the portion of the width directly above the
crack must decrease by the amount ¢yf. Since no load can be transmitted in
the y direction across the urack, the transverse shortening 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 (Figure 18)
which tend to force the panel sagments above and below the crack to shorten by

B - -
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ths TreouUnit o The distribution of straiu paraliecl te tha crack in these s#3-
metts 111, thvcr. not be unifoms and, #p génsral. not eqwal to the Polsson
induced strain remote fr-u the creck, The resuiting atresses snd stvsins in
tbs sopmenit of the panel above and below ths cvack can be considered as thoss
in-a plate segaent réstrainad on the mn&srias axcept for one straight anc
re¢ #dge which corresponds to the crick. Skceuss the load is being applisd
Fa:alftl to this frae edge, the smouns of Wt@ziiuﬁ thet can be induced (s
1imited by b6 stiffnass of the panel sépment: Thus, when the change in dimen-

'tion -away from the crack exd 1is equsl o &sme limiting value which corresponds
- to-the critical duckling displecemest of ches :maul segnent, the free 2dge of
-Ehe

“track will atart to buckle from the fist pxum. For values of eyf in ex-

- ‘cees of this critical walue, the corrasponding change 4in lsngth measured along
" tha adge of the cérack should be equal to the critical displacement for bucke

ing plus a component of displscement *’esnlzing fros the buckling of the panel
.ﬁwnto B
) ‘rho sbove relationship between buckling 4laplacement adjacent to a crack
and the corresponding displacement awsy frot the arack sbouid alsc be generally
spplicable to conditiors of biaxisl stzess. Foy bianisl stresp, the strain
avay from and parallel to the crack caw be deterzined by considerations of
plqng stresg and strain »
- Dox )

i o

Yor thi case of uniaxial zension digscucied above,

Ty = G.

COLIAMM ANALOGY ZOR C2acK BUCKLING

Cerrelations of the cioserved beginning of Buckiing in 20%4-T3 alumipum
ware made based on the assunption that the crisical buckiing strain adjacent
and parsli=l to the crack will be equsl to the corrsapording strain awsy {rom
the crack. An exprzssion for the criticsl buckliug scrain was derived from
the aquation of a column on an elastic foundacienly,

2 NG
f 4 f
PB c (ﬂ) + 21(7) {25)
where Py = critical coluan load
¢ = gpring conatant for elsitic restraing
Wher. ¢ = 0, equation (25) reduces te tbu: famiiia- Euler buckling equatios as
suggested by Refs"ence 20. Eguetion {25) can be presented irn termz of critical

buckling styazin ep by dividing vozh sides of the ecuation by tu2 product of
Young's wodcins {Z) and the ares (4)

2 2
w5 E B (26)

For the case of unisziai lension where ey 18 equal to thée eorrxspending satrai
away from the crack, squation (26) car. be writtan

o ws (V. exfm)? (2:
% = 5 (7 *m(‘t) ?




CONTARISON PETREFS FEST DATA AND A STHPLE BULER COLUMN -2

Cong:dering the clssti: aupport parameter (c) to be neglipible, equation fﬂfi5%§

4 (27} o1 be expievssed for a unit width of & wide column as 2=
P T

i v ¥ jg) oy (28) e
B 12 i

where V{geanuna) a lunped multiplying parameter
te be determinad experimentally

Using equation {28), values of gamma can be selected to correspond to the

obzerved buckling insiability at longer crack lepngths in 032, 883, and 080
inct. thick Z023-T3 aluminum. The results are showm on Figure 19. The agrec.-
mest bDetween equation {28) and the observed buckling fn .0732 fnch thick
aluminyem ¢asn be Se°n. The lack cf agreement for .063 and .080 inch thick

A material can also be scen. Since it {5 possible o shift the divergence to

4 long crack lengtks rather than short crack lengths by changing the value of
gammz selected, no particular significsnce s atzached to the crack lengths at
which the divergence occurs en FTigere 19. Fuyther attempts to modify the
single parameter approach of equatisn {28} by mcdifying the exponent of £ witl
not significantly improve the oversll cerrelacion,

If it iz aszumed thaet the Zeasosns for aivergence from equation (28) result

: from the fact that the elastic restraint provided the assumed column segment

¥ is not negligibie, then & limit cas b established for the use of equation (28)
provided the nature of the elastic restraint cadn be defined. Because of the
complex ratuze of the stress disiributicns, the extent of the buckled region,
and boundery restraints, g direct assesrment of ¢ is difficuit. It can be
expected that ¢ will., in fact, not te a constsnt as suggested in eguation {(27),
but it will vary directliy ac EI agd irwersely ac some function of L. Examina-
tion ¢f the Jata trends as shown in Figure 19 would secm to confimrm this )
conclusian. It would appezr tiat an espirical criterion limiting the use of

equation (28) %o values of §£§ <11 ksi is justified until more can be learnmed

A
R s

“ A‘\u

!%'

3

! st

[ ST

L
e

sbout the preblem. The curve §£§ = 11 ksi ic also shown on Figure 19.

b PARSMETREIC STUDY OF RUCKLING BRHAVICR

Becsuse of the above cifficultias eszsociated with definition of c and also
in associsted difficulties with dafining variable behavior in the second "Euler"
term, an attempt at & direct solution of equation (25) or a more complex plate
model does not appesr justified provided a parametric me~~s of data reduction

can be found. Appiisable parametersc can be found by reducing Equation (25) to
dimensionless forni9,

: Pp_[y2 78LY (_..,- \2 (29)
_ B 7

et 2,

whare 8= (3

3 » (Y
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ﬁm aquation (27), ¢ > dimensionless parameters are avsilable: B /VcEI, and
[ If constants chat are not significant dimensionally are ignored in

equatioﬁ (27), a similar set of parameters could be defined as
Ag
°

VeEl
&
j c
Vo
In equation (350}, neither ¢ nc . can be adequately defined. By multiplying

4
the two quantities of (30) by-.x_f\' and Y respectively, and assuming that -
< g

the ratio %# 1, the paramsters of B ave reducad to

(30)

A o Do
V’if/'a < . Jeet (31)
— 4
. /x ~
[t -

Figure 20 shows the collapse of date from Figure 19 slorg with data oltained
during the scudy of titaniuw ponels. Good cori.lation ¢sn be seen. The two
empirical parsmaters of equation (31) eliminate ths need to define separate
muitiplying parsmeters for esch materizl as w:s sein necessary in the use of
squation (28) (Figure i9). Siuce the dats corrclated represent 5 thicknasses
and tw values ¢f Youngss moduius, general spplicability of the correlating
parameters can bo sisumed for velues of Et? batwsen 7.2 ket (in.2) snd 55.5 ksi
\m.z). Figure 21 shows the correlation of the defs =»f Fixure 19 with curese
obtained by use cf the average buckling curve of Figuxe 20. Scme dtvcrgﬁ'ca

in bebavior can be seen in the .020 {nch thick aluminum. Until further ewaisa-
tion of possible relationships for the slastic support of toe crack canm be
studied, the cuxve shown .In fizure 26 cin p:cv;de s means of estimating the
onset of bugiifag Zor varisolu n€ r.;.e ringe TEprerevied.

THE wnw 5038 STRAIN AND BUCKLTIC DUSPLACEMINT

Panel buckling can v 2zpe=es 2o Saour ehey the straln 2y from snd pste
alial 2o & fatigue crsck exsaeda the crivical duckli=ng sirein ol the panel 29g-
‘Hente oboya aad I::Mca the axash. Thie criticel =train iever :ben be cosputsd
usiag the strais lavelz ebtained fron Pigure I8 4F the Tupck ladgtic.spd panel
geonstyy are known. Adcsr pauel buckling socurs. the totel roguired shoxten-
ing of the- pentl segmanta &hove dad telow the crack 12 =xss Up of twe pazts:
2he oritical zuekling dispiscenent and 4 compousat of eizaa&m:t resuicing
from the &siigctior of the psusl sepsent from = flat plene.
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Results obtained during the experimental portion of the program {Table 19
and Figures 12, 13, und 14) showed that the characteristics of the buckle
measured in the plane of the unloaded panal did no: appreciably change from
that shown oa Fijure 15 as the load wes {ncreased. Thus, it can be reasonably
assumed that the characteristics of the buckled crack will shew parailel trends
tc some easily massured quantity such at the center line displacement of the
crack from s fla: plane. 1In this manner, strain parallel tc and away from the
crack, the cricical buckling strain, centerline deflection of the <rack, and
astrength reduction can be interrelated.

AR s A 881 = (9,) B (32)

——%

7“h‘1¢ og = Gross panel stress corresponding te the critical

buckliing strain

O, = Gross panel stress
&= Deflection from a flat plane measured £f the
center of the crack

O, = Stress st the beginning of unstable tear
B, and By = Constants te be detemined experimentsally

Prom equation {32) dimensionless parsmeters for data correiation can bhe
defined:

K 3 3)
E (0s - 03) and T (33)

Figure 22 shows & corrclaticn of measured centerline displacements for
cracked panels in terms of the above parametera. Scatter in data at the lower
tange of values of H/E {qg; - Gk> can be contributed in part to the increased
influence of evvor in computed values ~f£ o, From Figure 27, qualitative sgree-
ment between the correiating par:meters(33§and ¢ quation {32) indicate that it
should be poswible to corrzlate strength reduction trends observed 2o occur a
a result of buckling with the parameter u/E ( g, -~ G3). This correlating par
metar can 2l3o be interpreted for conditions of blax§al stress for sfruccural
spplications.

W

THE INFLUENCE OF PANEL WiDTH ON BUCKLING DISPLACEMENTS

Before procesding to the co:relation of strength reduction resulting from
tuckling, & qualitat{ve under<’snding of the influence of panel width on buck-
ling of & crack must be otcained. Referring to equation (26), and Figure 15,
buckling of panal segments above and below the crack risvit {n & correspond.n
dsupad buckling pattern beyond the enis of the crack. This buckling pattecn
ix ansiogouz to the dsmped displacements of a continious column (or bean) cx
an clrstiz foundation ac implied by equation (27). If this damped buckiing
patter is terminatsd at z free edge before the pattern has progressed far
enough 2vay from the crack, a significant reduction in the ouckliing rescraint
of the segment of pane! above snd below the crack couid resul
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In Figure 23, the relationship between the beginning of buskling 2nd the
stress away fron the crack for 12-inch wide 2(24-T2 sivminum is comparad I«
curves representing behavior of 20-inch wide panels taken from Figure 21. The
beginning of buckliing can be szeen to occur at lower stress levels in the .C80
inch thick, 12-inch wide pasels than would be expected from mezsurements made
cn the same cxack lengths in 20-inch penels. The stress at which buckiing
occurs ir .032 and .063 inch thizk, 12-inch wide panels {¢ the same as that
obt2ined §r the 20-inch wide paneis. Tals would indicate that the length of
the buckle pattern (wave length)} can be expected to increate with increased Et”.

In ozder to demonstrate this interpretation of the buckling pattern in the
iaberatory, the buckle in 12-inch wide panel:s way forced from side to side.

A visible corresponding change in the displacement of gl free ndges of the

panel was seen,

Since the maoner in which the panel width influences buckling i{s di .ferent
from the menner ia which widrh influencex the siransth of guided panels . the
two width ipfluences should be considered soparately. Thus, therc sy stiil
be buckling width influences on strength ir panels whose width i{s sufficient
to allow elastic stress Intensity peraseter correlation: wher the panel is
guided.

THE INFLUEKCE OF BYCKLING ON THE STRESS IRIENSITY FOR UNSTABLE TEAR (¥,)} IX
WIDE PANFELS o

From Figure 17, the strenzth reduction in unguided panels Yrom that in
guided panels (Figure 16) can be seen. In wide panels the range of crack
lengths between 3 and © inches shox & strempth reduction due to buckling frem
an sversge stress intensity cf 80 k3¢ Yin, in guided panclis to san sverage stress
intensity of 74 ks{ vin. in unguiced panels. For longer crack lengths, the
stress intensity st the deginning of unstable tear is further reduced to an
average value of about 62 ksf Yin. A trend of incressing stress intensity with
increasing thickness is roticesble in unguided psnels, Figure 17. This trend
was not spparent in guided canel data (Figurs 16). Representative stress ir-
tensities for crack lengths betwesn 3 snd & Inches (Pigure 17) were found to be

k= 8.5 kef ¥ in
k = 76.0 ks +/ in

t =.032 inches
| 4 ‘0%3 inch“
t = ,080 inches

These trends could be the reduit of buckling anc che differences of the
quantity 15_(52 - o%) where o increases with the square of the thickness.
E

A study of the quantity % (g, - g) for the assumption that the beginning
of unstable tear wouid occur at comstaant stress intens{ty in 20254-T5 alimipus
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PIGURE 23 COMPARISON OF THE MZCINNING OF BUCKLING IN 12
2024<T3 ALUNTNUM P4NELS SITH CURVES DEZ1JED
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: akows thet ( O, - Op) would be 8 neer constant for s given thickness over the
= encire range of crack leugths from 3 inches te 10 inches (the curves of criti-
" cal buckling stress snd tha curves of constent stress intensity are very close
g to parallel in this range). From the observed critics) stress intensities, 3
2 similar study sbows 3 nesr constant (o, - Og) between crach lengths of 2 and
8 inches sud lowsr values for crack lzngtns greater than 6 inches. Thegse ob-
§ sarvations are in line with zssumed constaat relationship between g (04~ op?
d 204 the reduction of the stress intensity at the beginning vf unstable tear.
The rcduced strezs intensity for unstable tear at longer crack lengths can
?§' m0st probably be sccounted far in temms of a width influence or buckling be-
iz hevior. Howsver, thz possibility of & discontimuily in behavior from some
other csuse cannot e entirely ruled out.
-
X
‘i 3 Uacii such tims as further investigations are made, it can be assumed

that the sdéitfonal serength reduction sc:~ 2% long crack lengths in wide
Bucklad penals 42 2 width sensirive phenomenon, The portion of Figure 17,

. which has mesning in terms of application to reinforced structure is, there-
fore, the crack length range between 3 inches snd  inches. 4 crack iength

of 6 inches roughly corresponds te s f/w of 1/3 ic 20-inch wide panels.

2o SR

Ic is inzereszing to pote that i the 20-inch wide panels; the puckling
sideh fnfiuencs seeas Lo become effective over s nsrrow range of cracy lengths
for 213 thicknesses, Figurs 17. This would indicste that the relatively large
differences noted in the beginning of buckling (Figure 23) 83 a function of
sidth snd thickness is not carrisd over into the width influence on k,. Flky-
sicslly, this probably means that the totsl sbortening parsliel to the crack
at kp is isvge and differences in the criticui buckling displacement are thus

_sot & major consideration in determining the puckling wave length. 3Sased on
chservations of Z024-T3 sliminum & iimiting value of Jlw = 1f3 can be assumed
for the buckiisg influence on strength for the thickness range considered.
204 corresponds rovghly to one buckiing wave on esch side of the crack within
the ‘oundarins of the pamel.

mw.‘
L ST

n

1

THE IXFLUYNCE OF BHXLING OF THE STRESS INTENSITY FOR UNSTASLE TUAR IN KARRCE
FANELS

& LY

The infiusnce of buckling on the stress inteasity al the beginning of un-
stable tear iu narrow panels cac te sssessed Dy assuming that the totsl width
influence iz sepsratsd into s rwo-dimensfonel stress zud strafn influence which
should be close to that seen in guided penels (Figures 3, 4, and 5) and
buckiing width {nfiuence similar %c that se2n in Fisgure 17,

e

fn 12-inch wida panels (Figure 24) the buckling wideth influence on the
 strass intemsity st the beginning of unstabie tesr starts near & crack lemgth
of 4 inches. This i{s spproximately the sane [/v ratio(fju=1/3) ss that ob-
served in 20-inch wide penels. A comparison of the stress inteamsity in guided
and unguided 12-inch wide pansls siovs a change in averzge stress intensity
- frem 67 ki VIR to 37 ksi VIr. Yor crack lengths unaffected by eithser gross
section yieiding or a byckling wisth influence.

u-mu:]
.

[ ——

-

\
owd

Dsta fros the 9-iach panel tests stowed no distinct rsnge of crack lengths
for strength reducticr due to buckling without & buckling width influence.
This is cue tc the fact that ths minimss crack lengths which resulit (o fracture
witbout genersl yislding is nesriy 1/3 of tne pagel widch.
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ae 200. , < 'ould sppeer that rise sorese intensity at the begin-
$i3g 2 ynstable tear will show a& . kling width inf uence whenever [/uzs 1/3.
Coneiderably more work sust be done, howsver, hefors any gencTal quantitative
estin(ies can bs made regarding zhe vsriance of parsl strangth ezs s funciion
of huzkii{ng in eSther wide or gusrea pameis.

T<E IRTLUENCE OV BUTELINC O THE SIRESS TETEHSTZY FOR UNSTABLE TRAZ {k.) WITh
CEOSS SESTION STBAIX ABOVE THE PrCPORTICHAL LIXIT

1z 15 difficeit to 29e any fufluenca of buckliry on the strength of cracks
less then 3 inches in lemgth in 2025-T3 zlemimes of the thickness range shown
in Figuree 16 and I7. It car be expected thst the srreins zway frez and par-
z1lei to the creck will fmcrrape mure rapicly wirt gIoss stres3 when the gross
section is stressad shove the proporsional ii=iz. This is due to the fact

- % ooy —— —— - = w8 % -
thet the szrain parsllel 2o snd awoy 2Tom thz crack will be:

[y rd
ey = ﬂ-—;— & ‘{p ep? \34)

where €y = total strain in the x direction (parsliel
to the crack}

Poisson’s ratic {approximately 1/3)

G, = gross stress avay from cruck

3]

.= Young's modulus

#p = Poisson's ratio for plastic stzain
(spr-oxinately 1/2)

¢5y = plastic strain in the direction rorzal
to the crack

Assuming the strecgth reduction for s given crack leugth varies as e , re-
duction in strength drz to buckling might be expected ts excees that of the
elastic range. This influence is aasumsc in the comstruction of Figure 25
which shows an interaction disgra= of the type showm in Pigure &, ¥Figure 23
is identical 2o Pigure 8 with the excepzior that fur the purpose of developing
the finteracrion curves, the stress ictensity [er the beginnimg of unstsble
tesr with elaatic behavicr awey {zom the crick bas teen assused 5t an average
velue for all thicimesszs as .93 tines the stress intensity for the begimming
of vastable tear in guided panels. Dats whose crack length to panel wideth
ratio is greatcr then 1/3 bas not beren sheirm 3¢ Figure 25.

mgmmwrﬁmm

i. The phenomens of buckling of panel segments atove and below & crack which
is normal 20 an spplied ucisxfszl tension loading can be qusiitatively 2x-
Fisined by ccasidering the Poisson 2ffect and the Tigulting siraine par-
aliel 20 and rewote freo the cvack,

. T2 bunlling of the panal segments abovs 2nd telow the crack can be pre-
dicted by & sircgls curve for vaiuss of Z2Z betwsen appreximately 7 and 7O,




i o .ri e N Wy 1

. N .
«.:..... e ek et Ter s e it o RSH LML Axrhy P WA ML ROVAYAS RIS At Py

RANTRAY "SL %20T SAUNVE QFULNAONA

NI RV SHALOVEA WLIA SROSNYEITMRLS ONIGTRIA W04 E.zogﬁ_.mi%aiﬁf £ 4ENOLL ”
_ “.,.,,__ ,,,.; o no " , .,‘ B , ' ' ’ | ' «

%w) mchxww..x v 3%. ALISRELNY, S6DLE ) ‘ ,
Q.ﬁ i\ 0- , " O.. ‘o. o L .Nc : ..‘ oﬂ h, . M

1 [hbathrl 4

t

ZSTVIS SSOED

L

1

<
SSTELS FEVELLTA

i

x o
o
N oo ,
1)
"
Sor?
(QSaLAONA TTV)
€Q0° * QL
08i* X 02 =]
€90 X 0z w0
TE0° X Q0T WV
SAUONT NI
SEANAD LHL X HLOLIM
‘ .;.~ N t " - k o N .6(4@. .
4 L My . " T bty e R 0 h YT " ) s pi e AT b i .,. ROR A |,




o AR T PSSR gt

{.«-.
L
te

AR AL CesIRCTS KAt

b  n

T

e

[

[rRmrp s PR

1+ SNVEHERA i

1

T
H

z
H
E1
-

o

|
LA )

el

iﬂumm’uz

Lanaiund

‘MMDKN“,

{onvemd

I I

-

3.

s.

This curve is based ce the empirical correlating parameters 2s f:llows:
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Bzckling fefizccions and reduction of the stress fntensity at the begin-
aning of unstable tesr will vary ss the difference betweern the strain zway
from and parallel to the cuack and the czitfcal buckiing strazin of the
penel aogment adjscent to the c¢rach.

The influesnce of panel buckiing on zhe stress intensicy ar the begioning
of uwastable tear is neariy roustant for the slastic zaage of bebavior for
values of U/w< i/3 in 2024-73 aliaixsc. Yor walues of L/w>./3 further
reducrion in stress irtensity ocenrs.

The finfluence of buckling varies with pzael wideh in narrow pansls.

In 2024-73 alunipsz, the Teduction in stress intensity at the beginming
of uastatle terc¢ resulting from buckling {s not messurable in the zange
of crack lengths »l.ere uniztsble zesxr occurs with gross pansl stresses
above the proportirmal iimit of the =aterisl, & m=zll incresse in buck-
ling influence 4is prodabdble, bowever, 2s 2he strzin parallel ¢o the crack
should increass sove then in elastic behavior.

Because of the oLserves constant iafluence of tuckling on the stress in-
texgity for unstable tear in 2024-73 aluminaz, the interaction btetween
gross section ylslding, pasel buckling snd fricture =ay be handled fn the
same way a3 the Interaction Delwcen gross section yielding ead fracture
iz gufded panels with the exceptiosn that z reduced value of the constent
stress intexsity for unstabie tesr must be uszé.




¥Il STAELE TEAXK

‘CIPORT? .E
In relstively ductile saterials such ag 2024&-12 slumimm and titenitm
£41-1Mo-1IV, appreciable m:mts of stable tazy prscede unstable tear. I7 the

condicion of first upstable ¢ it used 25 3 ¢cizerisn for the uvltizate
strength of 3 fatizue crsckrd pzxne;, then & ;_-.f‘..ixze,.e of ks smount of stable
tesr precading the unstable craz. ‘tenmgth s neafed. Wizdhout zn 2stimste of

the z=ount of stable tear, £t is nor possifiz %0 doterzine the tiress at which
failure will cccur for a given initial cracsz length.

GENFPRAL CONSIDERATICHS

Frevious discussion of waviance in stress intensity cannot be essily in-
terpreted to yield ci-;mges in slow tesr charstrsristice. A chasge in stress
intensity can tske place through either ckhangez in streiss or crack length, or
& coabinerion of the two. Thus, differsnces in the stress fntersity at the
beginnim of unstabie tear for guideld and unguided pinels does not indicate
vhethar these changes are predominately the result of changes in stress oz
crick lemgth. Figure 26 Lhows typical teer bebawinc of guided ard vnguided
2024-T3 panels. Similar slow tesr bebavicr was found is titanfus 8&l-iNo-1¥.
Tear behimyvior of this type was also showe to oscour in 2024.T81 zlmim m&
AM 350 CET and A¥ 355 CRT steell. : :

Stsble tesr was expliined in-Section IV in terms of an effective notch’
redins p' thet increased ss plastic deformatisn sdjacent to the crack tip &i--
sresiad {aguatien (3)3. ) -

e E -
=¥ = ﬁ-r rE

During stsble tear, the cracx tip strsin wis aspzaet to be ot some ¢iti-
te vaive e . £éditionsl incresses in stress intensity accompanied by stabie

o

tasr wag coneidercd pessible enly xith corrssposding irecruus in ¢ (equstion - -

@3 C -
& _s@lyy o VP D
il T & R :

Vv

7mam&o£msmxtwr§e’3m:u_ﬁumulmﬁng .he

gezeral naturs of the dependence of £ on changes {n stress and crack ieogthk -

can be deduced. 1If an additional increment of im.ﬁngiss;; ied to ¢ panel

contiining & stable crack whose crack vip strain i3 ¢, tear will seare snd

contince with soee incresss in length to & nev stable “configorscion. It emu
thus De s3en that in:resse in F is prad:=instaly éc?;sm. upos .h{nges iz -
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TEE RELATIONSHIS BETWZEN THE AMINT OF STABRLE TZAR 2MD THE INIT. L {3a0F
LMGTH X WIDE PAMELS

in wide peneis of 202&-T3 zlu=mim=, there is & trend of increasing zwormts
c¢f stalle fezr withk fncrsasing fnitisl crack lemgth (Figorvs 7). Ho corres-
pondirg increazse in stress intensity {(k;) cccurs {Figures 13 end 17}. Similar
behey 'or was observed in titaniis 3al-1¥s-1V (Figere 78). Tigure 28 represenis
twe Lavs of tirecium: thuz, oo significence cean be stfac .l to dfferestes
occurrivg s & function of thicimess. TFrox the tramd: observed (Figures 27

§
¥
¥
A o
b
q %
k.

ard 28) ir is muggested thet the zuowmt of stable
penels be estimated 25 a fraction of the inifis
&rple, the critical vnstebie arazk lenges (£
panels of 2G346-T3 aluminee (Figure 2%) as

b= sdy =k 85

where . >

: 3 =3§1 + 4€fg. = constant Sor 3 given neretis} and
T conditisn of iatesgl Pocklieg reszraiot

(34

- S - - =
=2tisgn {38) cen provise s direcs meaxns of ssrimadias the umitinste sirength

fatigue cricked pareis from 2 given initial ‘crack iength t; in & wide sacels
This procedure sppesrs egually applicadble to guided snd wigaided pamsis I

a4

TEE REIATIOSSEIP EPTNEES THE AMIUNT & UNSTAKLE YEAR AXD IXKITIAL CRACK I3NGEE -
IX NARROE FASELS '

The stable Tesr of cracks iz rarrow pacels was foomd € be sigpfficantiy
tess than that of wide pacels. This csuld be socoented for &n pext by 2ihe
width Cependence of th- vate of changs of stress fnt. :fy {eguation 8). EHowe
ever, in an stfe@st ¢ construct curves of ¢ type shown in Figore 2o, £t w3
spparecst that the differences (o usstable creck lempth could not be extirely
azccounted for by tangency czasiderarions. EZack width sppezred to bave its oam
s=t of tear versuz crsck leogth curves. Because of this cobserved decrease in
stable zear with width, in bork 2824-T3 sivedros and sizzaios BAZ-IMS-I¥, it
was concluded that tesr strdies applicablio o reficfurved pinels vonld suly Se
cbtained fro= relst” iy wide panels. Addizionslily, and what ={ghr prove oo
te cf utmost izportsnce In consideraticas of <elsyed fracture in 2itasive, it
Is possibie chat éélayed fracture studies In narrow pemels could lesd to faise
2amrleeiazg 23 to the severity of the probles as it peraicns t: wde and ve-
inforced pzuels,
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VIIT SYNTKESIZ OF STRENGTE INFLUERCIHG PARAMETERE ¥OR WIDE PANELS ’;

The {nfluences of gross sectisn yisiding snd psnel buckiing or zhs stresg . .« = & | ,‘;

intensity for the begimning of stzbie tear im wids ynreinforced ganels cam ba ] 3 =

acl ected and preasnted in 1 single disgraz. Thiz disiren éan 3id in the over- : T E

11 understanding of the reietionship hetumen straugth inﬂ.zaﬁei.zss vxt*abz:gf %

'*“he disgrim i3 & three-dimsnsioral rspresentstion with two of the axés Tep- - R

resexting &s intersction diagras of fhe typz shown in:Figures 8 snd Z5. whe -

third axss is the panel §/% retis which denotea the limit of crack lemgths for - : =

B bisckling width Influence ss ilv»l"i. “‘m.s disgrex iz shown in general form £ =
E: in Pigure 29. Zor convenisuce of discussion. zones of &mior are &sigﬁnw g
on this disgra= as foilaws: B 3
3 Zene I Short Cracks - The Degiening of unszeble tear éa‘i*} securring. - . - - %

= duz 2o 8 combination of fuicture and gross saétion —; T %

yielding, ‘rhe suggertes sgqustios for predicfing A
5 : - the stress in:cafxzrv 3‘ she btgﬁzaif.s ei mszﬁzt PR
i zzez i3 E;
E

Zoae II

3

Zone 117 Im:.g L‘r&&z - érmks th Imﬁﬁ »tﬁ ]
T sl.;mb-:ex: .34&

The test data for 2.32!&-‘2‘3 ﬁwﬁm from !’i;ms f? #d - $EOWR
Pigure 3. Figure 30 siong with curwes of the typs showe on Figupes 3, 4 a
. S can pzovide th: mqui;cé mmm of taa. intcmtixm Fatigmi strength
g infiuencing varistlac. 3In plotting Iigxsze 30, a=sll vacisnces iR thg gt:u
tenaity at the unstzble crack Iemgth with shichéuﬁﬂguinc}gdq& -

VT A el

3 tepurkte &y values for each thickness. Also, the small varimmss in yiel
strese and :zltmta stress were incorporated, ihess nﬁaeun:s wer: o
-3 considared in ceastruction of provicus figures. -
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VIIT SYNTKESIZS OF STRENGTH IHFLUEKCING PARAMETZRS ¥OR WIDE PARELS

The {nfluences cf gross section yielding #nd panel duekiing on the stress
inlensity for the beginning ol stzbic tear in wids unreinforced ganéls c5a 2
ccllected and presented in 2 single disgra=. This dlizren cac. sid in the over~
sil understanding of the reletionship hetwsen strsugth iﬁfiﬂ&ﬁﬁ’b& vcrzzb;c;.,
The dingrss 45 & three-dimensional representsticn with Hwo 2f the axés Tep-
resenting &o interaction disgrsm of Zhe typz 2hown in-Figures 8 acd 25. The . . ..
third azss is the panal £ /x racis which denotes the limit of craek longths for
buckling wideth influence as £/w =173, This disgraes {e shown in genersl fora
in Figuves 29. Zox convenience of discusaion, tonez of znmicr axe f.‘kzismz‘.eé
on this disgre= as follows:

Zene I  3khort Cracks - The Degfening of unszable tesr (F 2"‘"}»&0:::*,:); TEL T e
duz to 8 cosbination of fruciurve tnd grozs section ~ '
ﬁeléiﬁg- ne suggrzted syustion fox predicting
the stress intenf:ttv ar- :!:: btgizafzg of tmsr.ibic
z2ar i3 R

- B
[ze= 0803\

\Y'%- ‘i*l-sa ffaf

Zeae 1Y

Zone II.’, ‘bx:-g cu.:n étmktwitiz leaﬁt;&“tﬁ pa:té};
44 can be ex:e:ziiijw sho

sise 48 5:@ g:g:zt@d oRE;
m,, thnz, no: cfi:m

The gtest éada fcz 292573 tiujm from- !1;:;2&3 e
Pigure 30. Pigure 30 along witk curves of the tyos sbm aﬁ ‘i!fgﬁpts 3,
5 can provide thy razqnim userstznding of tos. htmcum ‘Tetigai stieng
influencing wurisziee. In plottiny rf.g:.c 18, sasil mimes 4o th; es3

tensity at the unstzble crack lesgth with shickness were wete. included: b?;a;‘;‘gé;f_
teparate k; values for sach thicimess. Also, the smsll variance 1o yield -
stresc and uitimate stress were inCorporated, Iaese refisemants wers “not
considered i{n coastruction of privicus figures.




e R i e e

WIBTH X THICKHESS

kri) o {xsi) k{ksiVINCE)
1.0 52,0 8
3.2 51.9 73,
i.1 33.3 75

N

¢ 1§ IZCEES
1

°i S w22 v 032
sie 1F=2Q x 080

k€N ) aq
- -
> Woun

LA

-
b ot et
i
4

'!!smﬁ'
B
‘ , | .
v [ 1 l v . T t
a1 . . \ ! . i f
! co . ' hy, b o | ; e .
e . / \ L .
' N coet AT A o . 3 e
. i . 3 . S o I ¢ LY .
. L e S . by e Yy oo
Y .
o AT 4 nds e } 3 }
" ' ) [ A% : N . . ,
N ' R LK S ' ' . "
e A R i
fig ! . N . . . . , . \ :
v . ik " .
- o ! ) v
‘, " ) i " g .
' i ) , ,
: . , .
' | [
, ) Lo ) ‘
‘ il + ‘
' ¢ ooy i s g
| [ \3 '
. B . \
‘ v J +
. . .
: A 5 L s
v L . ,
. .

g
L
e

i

¥3G332 3¢ SUMMARY OF THE STRENGTH IKF!B!SC‘&G PARAMETERS
- FOR WIDE 2024-73 ALUNINUX FAZELS

-
2
|

.

gy
L

&

o :%?a‘




¥ 3,

ey

S M

Figure 30 shows the sgreezent batween actuail panel dsta and the
of tte overall problem into zones zre suggested by Figure 29.
that Figures 2% and 30 can provide investigzators with =z 4tz avilustion
technique that wiil clarify =any confusing geometric interrelstionships ia-~

ivision
It is believed

fluencing the strength nf fatigre crackad panels. Tor applicstion to design
proble=s nq:.i’tng the determinstion of the ultimste srrengih asspciated with

an initisl crack Icngthll, it is suggested that the qasntity s&” (equz:ian
36) be substituted for £% in -he interaction equstis

The dats cerrelation szhose in Figures 20 and 27 works egquaily well for
, GATTOW DPaneis.
-3 with tie de2a for I0-inch wide panels shown if sn sppropriate-vaiue of kp is
assuaed. Fign:u 29 and 30 thus vepressnt nondimensional-properties of the -
behavior of 2024-T3 alumfnue over 2 reascusble range of geometries, Two
specific additional parsaetars to &3just k, ave 143&2:4, boweyer, before a
geneTal soiuticn to the problem it st hand.

1. A geided panel
&, gnd 5).

2. 4 unguided psnal width sdiuatment for the iafluence of buckling.

v

The 12-inch wide panel data for 2024-13 alwmmainos will plst in

width cerrection (illustzated in curve form in Figuree

'
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IX CONCLUSIONS

e

o, e

— Bizsd on the analysis of Eest datz for 2025-13 aluminem anc sepporred in

?t‘t hj data frém titsnies 841-1¥>-1V and dats from other fmvestigstioms, it
i comtlnded that {o nirrow pinels, wideh has ¥ significant influence on c:a&
szteasios that camuol be adequately accownred for by curremt fracture meihanic
-theénry. Mush of the availsble test datz is from panels of this width 'asxge.
?&ss, uss of dats froz these pipxls For the a’;}u*‘irn cf the streagth of re-
igfei’éiﬁ pinziz is sxremely Jiffiomilt. Addi~icnal studics directed rowerds 2
_®oTe ceegim understanding of iuzezsction Ledween locsi yielding st the crack

”ti? asd the pasel boundaries are needcd. Direct correlstfon of width fnflu-

. encas vh matorisl properties should also prove fruitful. In zRis respect,
_E memting parssetcr fs needed which Incivdes %otal eslongation 20d srrain
&txéaias Thevicteristice as welz: zs the yield 2nd vitimate stresses uvsed in
-!‘i;sart 3=

. Tts correlatico and prediction &f the begirning of vnstable zear with
gross stress above the vield stress cen be actosplished by an interactlen 2gua-

“Clop fenuazion 21). Whiie sctual data correlstions were limited to 2024-13
,xiuim At is Believed chat the eguatios is sufficlently gemeral for epplica-
tics to otker relatively dsctile materisls Incizding saterials 2t elevated
'%Q It is thereifcre recramenced thac sdditicual studiec be under-

,,,,,,, Taker using msterizis at roum tesperatuz: and clevated tespersmures. Thess

-;M&t should previde wore informstion on the variation of the intefaction
- exposat - *n= w2k strain hsrdening charscteristics snd prove :he genersi use-

- faloess ¢f the Interactioa spproach to fraciure probiems involving gross sec-

7,;ﬁnmmmpmmium

=-" .- The nﬁlts shtained during this program showed the influence of me‘

-»Ii#hant&!—m&eis strength dce £o bucklisg. For 2024-73 alwmirem,

© wss shows that the buckiing influence axas nearly constint when grozs secziea
yisiding or buckiing width influerces were mot invoived. Studies should be
m to detereine whether 3 similsy rang: of constant dackiing infiuence
*xisty fn other materislis s> iong 23 the gusntity {c, - &) xemains nesriy
cmstaet. I thase strdies, thisknezses asd fncmzz chargcteristics sheaid

- e selected i test the inflvence of buckling snder oa-séi:‘c::s shere (g, - o}
varies spprecisbly within the eiastic range with f . Studies cof the in-

3

fiuence of beci:xizg t:aézr condirions of bisxtial stress shouid zlso b2 unders
taken.

~ The problem of stable tear recuires counsfderably more Investizaticn. Tiois

important aspect of the engineering problem of strecgt: predictiocn bas mot had

sdeguate study. From the results of 2his study, prediction of stablie tear In
wide panels cin be sccomplisied by considering s2able tear 2= & consvant f{rac-
tion of the initis] crack lemgth. Tiis is undeultedly so over simplifr-ication

of the pre‘bhsL but one that say prove nseful.

Further studles of stable zear iz wide pamels stouid e *::,éa*ta}ms Ttese
studiss sheuld izclude delsved tear sznd freciore such ss has been cbser2d in
sitenion 8A1.1Mo-1¥., The vezulcs of this smﬁy cw;.é prove ihal the phescmecsn
of delayed unstatle tesr will nce be 25 significaur in wide panels.
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APTERDIX

TEST FROC2AH

The test progras= consisiié of an in-depth 3o sy of the tear ané f3ilure
characterisztics of beve 202&.75 aluzirom and 2 ifxited supporting >taé;r of
doplex aonesled vitenica SAI~DHc-IV, The test progrs= vas ccaductzd fox the
srpose of providing & cousistent set of dats shich extends Serond the imirs -

bockliing snd yleldin; oz the stresgeh of fatigne crackes pemels. Panel .
widths tested were 30 freh, Zf}i.-c.., 12 inch a=d ¢ inck for e Bare !‘.:.25-33

Tkt upiex aamealed titonfum BAI-ING.1F the widths were 12 i=ch and 9 i&_!:-
Sozical ki cbesses were 045 iznch and 028 fnch,

'()

-x&mﬁ&f&iﬁmwm&&e&fxmmﬁ&ksﬁukef;&&:&
thickresses, .232. .063, 2nd .08% isch. . 4t least cne temsile coupon-was
texeef’esescé&et‘ ’—mmﬁn&i&ummmxﬁa{m

iy iw,mmmmqﬁmt&m”‘is’&gﬁﬁm
Stratn rite: were vairied Irom .52 inffnfale. m,&ﬂhﬂt{g@ *isk“w
mly@ind.éeéviﬁ.bestﬁfamuzo :5&12!3‘::}35‘. ¢
fock thick parels. Ko sigsificamt tresds were mited. & wum

Tee &oplex azcesied “.aeia &i-ﬁé—-;? s sbtaﬁui
¥erzis Torgovatier of Lmevica. -& Two tRickoesses-:
Bezts. Their yield cnd mitisets atreagths wre ﬁf_tt}.} léuti;ﬂ. =
the slvogaticas were Zess for the <020 imck z&ic&umhi. -Sigificsntly
t2e resiszerce o tesr s=d fractune s slgequintiy Soued 1o b fess £t

(020 foch XAICK maferial. Tw coupode were Sakes Frm esth Sast. The
Mm&s:nﬁmk%&.fﬁ&}&a :

[ S —_ - -
- = -
-

SLOPE s

of normal fractore mecianics mersurenents t6 fmciude the fafivence of pEnel

givsiom, Koawiogl tiickresses were 083 4 inck, 083 inch x=d 052 inche ?oz_f’

MATFRIZES : - R
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Table Z
Propestias of Duplex Annsaled TiZamium= &A1-[Mo.1ly

 © Eeat No.- E&ainsl ? Yield }  Ulcimate Zlongatien

Thickness Strength Streagth (z7 Gage

s ~ f{Inches) Cy{ksi) Oulksi) fength)
B-3226 <085 1332.8 145.0 14.0 :
. B5226 045 31,4 142,9 16,5
8% ~ {1 .020 135.9 146,6 15,0
desw: | e ] wse 145.0 1.6 |

T £=.085 E=i5.0x 100 kst
- € =.020; E=16.0 x 10° kst

- '&c £25% panels w»ece sureinforced fnfrizlly flat pamels conraiping
cea:niiy l1ocated 2ew sicts perpeadicular to the lcad sxis. Al panels were
cut witk the sict perpendiccler to the rollifing directior. The length of zil
mmmmmps:az.s times "he proel wideh,

-

'
(A}

t

mw sow slots were exteaded by fewelers sawr cuts from which

: "“fuépecudtmmferc-éummsszyc.obuaacnck extension
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&lﬁmmmw:f:&pﬁlzﬁémdﬁmmmsc-
the saw siot. A1l cracks in the 2024-X3 zimmfomz o L WeTe gTown 2t 3
‘aingle value of stress imtessits of & = 30 xsi L.sﬁm&’isthe'ddz_
2digsted strassy snd £ 53 the _omck lenzrh, This valce wss approximatel - 75
percoet of the lower iimics .f stress intecsity st whick siow tear was olserves
to rtart. A valze o1 Tf% - 52 ksi was selected for fatigue <rackizg ixn the
titcsiue pemels. Al: farigoe crscks soickly developed inte 2 shesr aode of
crackiag oece out of tie iafizeace of the motch. Tius 2li specimens were

. Extigoed smd Fpiled fn the throogh-the-thickoess £5 degree shuzr wode.

© After the fatigue cracks were developed so as 3o simmiste farigue cracks
efthoequeélq& inftisl crsck lsagtis were observed throsgh 3 transit.
The lcsd was then slowly facreased wmtil slow tear was observes tc start., Iin
iz sttespt to gzia comsisteccy ia the reccrifng of slow tear the vertical
cross bair of the tIamtiC was pisced a2 the ond of che visfble crack sod siow
teer was recorded whem the czack was visible beyoad ke czoss bafr.

&tcmmdsw.u:m&sw,damumewa:
rate of 30,000 poceds per admpte znd the cexéicder of the sanel bebsvior wa
zecorded o= film, ﬁc‘mmm'mcﬁtazint&efel.mgaimou.a-
tice:

i, 7The crack lecgth vs. load.

2. The beginntng of macizae lcad,

3. A crack vazlocity sf ose irch per sec.nd, -

%. 7The last recoxded crack ieagth arior to ropture.
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"’ﬁ:& tucm; w:&s amgliahed using & lo&d frame and 2 300,00C pound
hyd ;ff‘fc 1éad ‘Exlinder {Piguvres 31 and 32). Load control was attained by the
usa of a‘a -elactro-ydrailic sérvo chennel and a2 feedback signal provided by a
trah gtgge wd ége with the strain’ gauge attached to a load link in series
1t thetsst pinsl and the Bydraulfc lcad cylindex. . For developmsnt of
atisiie ;:lckz frion te loading the panals to failure, 2 combinatioa of mean
les“sizugoidal  sighal was used as duput to the servo valve, For final load-
ing to Afsihr:e, ‘2 WOLOY dxiszan potantiometer calibrated to provide a nominal
] -1oad: rate- of 30,(‘3(&0 pounds per minute was used. Incremental losding was ap-
I p‘lieé’by mily operating the mean load potentiometer. Losd monitezring was
C obtaiﬁcd*zhzﬁﬁgh t% additicnal straiam geuges on the load link, One strain
aligs was used for- visutl monitoring on an oscilloscope using a BA-12 bridge
nit; The second gadige provided a -signal operating e voltmetér which was
ynofegrxpnea siZmitasecusly with the crack length by a 35 millimeter camera
oyeuti:ng ot 16 frames-per-szcond. The signal from chis second strain gauge
: m aico recorded directly as load on an x~y plotter. All lcad recording ele-
m:s umny agrzed within 3 >excent,

F‘ﬂRVBS AKL‘TAMARM‘IA

In ord&r to prc-vide infomtion and discission on the tear chsracter-
-istics of the ssterials, it was necessary to recorZ the eptire failure se-
quence -on film, Actus® tear behavior determined frém film records showed the
tair to be comprised of a series of bursts of tear rather than & smncth ¢oin-~

t.mms process. These bursts wexe sporadiz in time arnd tended to differ
—s‘ightly faor the two ends of the crack. In general, however, the total tear
sccumilated a2t either end of the crack was very neerly the same, the crack
__.thus romaining sysmetrical sbout the panel center line until ffnal rupture.
Ruycura ofien ocenrred sim:ltsnecusly on both sides of the crack {pargticularly
_ for higher stfess levsls and shorter cracks). In other instances (usvally at
icuger crack lengths) rupjture would occur on one side only, these ruptures
being about equally divided hetween the leff and xight sfde. Failure surfaces
were of the sheec type in all panels with no visual distipction noted berween
the slow tasr and gupture surfaces. The results of the interpretation of film
recyrds are shown 23 aversge tear curves on Figuree 33 rhrough 43. The or-
-dinate (o) of these figures is a width corrected s~réss in the sen?e that it
Tepresents the nominal (gross) panei stress wltiylied by the Dixon*l " finite
panel width correction (Equation 6).

e

ot

. Direct visual comparison between all curves in terme of elastic stress
theory is thus possibie,

r—M ¢
KII()‘QW\‘

o Four poinls reprecenting significant changes {n behavior zrs matked on
RN tke tear curve for each panel {Figuras 33 through 43) unless two of the events
cccurced simultansously ss was occasionslly the case, The crack lemgths and
loads corvesponding to these points are given in Tsdbles 4 through 12. The
significance of these points along with remarke pertinent to their interpreza-
tizn are somariged below in the sequence of their nomsl occurrence.

[

amey
Anaspud

o = 1. The beginning of slow tearf The heg.‘mntng of slow tear proved difficult
o~ to record in a consistent munner. PFirst, the slow tear did not aiways
lg start simuitaneously un ‘each end of the crack. Second, the visikility
e sand amcunt of initial slow tear varied with crack length and geometry.
7}
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GUIDES WITH TEIRTY INCE WIDE PANEL
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"’:xird, the izizial siow teariog was s=2ali and was accompanied by relatfve-
iy inrge caanges in load, 4&s 3 rexvir, comaidesable soxtzes in the re-
corded valuez of the omsel of Lizr was >dserved, -

2, The beginning of maximes load: The stable slow crack extwusica w3 ob-
tained during & continucus leoading procsss of approximately 39,000
pousds~per-utnure aiter zezifying the approximste sguivaieawe of fnere«
cental slow zear sud slow ez a8 2 ized Tet¥ of 30,000 scupds-per-mirute
(Figuree &4 and &3). AL a poinr cerresponding to the maximw loss obe
rained by increxents. leading, the load, wuhich was fafttfally imcrezsizs
at 35,000 pounds-pereminute, w2s obsexved o hold constan®t even Luocugh
rhe sigral to the serve value wac contimually fncreasiog. {This ~a= be
cotribured to the relatively -a'ge veluke o cil required zo 4isulsce the
300,000 pound iosd cylinder snd to :haz coabined chsracreristfcs of the HI
supply systex and gressurs sémsitive serve vaive.) Because of this o« -~

. served charaxieristic of the t:iet sichine and the coovenlence zfforded 1z
loading and in recording subsequent uastshls crack behavier, the malorisy -
of maximxx load points were determined during the coztimscirs loadizg process

o
.

A crack velecity of one inch per zedend: Inmitially, 2ttempls wese made
to separdte tesr & rnonstant velecity froe the iatter ssege of sccelers-
ticn as suggested by Lorensl. Curves of fiim frames vezsus srack ieegtb.
were plotted. As {t was not possible o definitely distirgsish 2 tear &
Coust&t velocity from tear sccompsnied by accelersticn, an-siternsre

eiinition of 3 slcpe o7 ome inch pec sacond was cheun ﬁisifa?e -
cccg'rzd in sii Instadces just st or shertly Beforme the \:65? T37i¢ Track
growch imsedistely preceding mupture,

i

———
e

4., The crack lemgth 2t ruptoze: The last frame ¢f £1im record &8 IS framess
pex-secord wis token for this poinme, Sfoce phe crack velolity ssaxr fzile
ere is aigh, &tscs::erinc:a?;&agtno’::&i&eéasc*aﬁzei%e :

random Telsticnship Hetwesn exppemrs zt 1!1:5 revend snd “gv‘-_;:a iz o=
siﬁe:t,ble. » Zx.

"zgzr‘u 46 thoough 55 show suamsries of she £irsI Mhiee mi;f,g;z?: axf - ;
widehs of 2&2&-”3 aiminue. 3Recacse of ¢iifercmces fa ’:«,ehzi" 3 EREVI8 dmd .
30 inch wide pdnelz 3re shown sepsvately frow the ¢ spé 12 w WIS sraels.

Doring the course of zhe main test g"m;_ geestivad u&%ﬁ 5 : 7 7
procedurs3 and possinle influcaces that reguired Cxltﬁfiaifr;‘i;{ 7%’?‘,4 Seis
szcurred, supplemental studier were cadertaken. A -

PR ,:

A study of the dependesce of saxizm losd and cri:::::zi :-,r@ Z@g&;@ ?;..f!x o
rate of jowding was concuczed st the beginniog of the 33t posge:~ ?,r,‘a:
adogting the procedure of comtivuousr loadiag at & 225dzel Trve of 30,4 m
;e:. adnute thromgh the clow tesr phese; s evalzztisa +5 the differsnce Hesfeess -

his procedure &ud an increxentz] lsosding procedure v szader (Pigoxes 3% 2sd -
-55). Paneis 5 a0 § wers ioaded incrasantaliy., Ske load war first caisad
vatii slow teer cocld be seen, &f*t“ the cyeck lzngth ang lcad were Ticoeded,
th2 load was increased until sdlitions]l rearicg wes sewn, This s;ra:.é'ss 14
coantimued uxtil at the last szzi incremen. of load, the crack wprimsed oo
extend with the losd beld comstans. Ar this point, the cameTe was turned oo
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and the unstable crack extension at conatart luad was recorded. A ccmparises
of the results of this procedure with the results of the continuous leading
procedure showed little difference {Pigures a4 and 55). Because of tke con-
venience afforded in ioading snd in recording subseguent unstable crack be-
havior; the majority of panels were loaded at 35, 000 poundseper-minute. The
panslz which were incrementslly loaded are indicaced in ths data summary con-
teined within this report,

~ Th# fact thar the lsad reacked 2 maximum value and hald nearly cconstant
sftsr an unstable creck length had been attained wust be artributed to the
zesponse characteristics of the load system. Toe fact that the recerded be-
havior wag not sensisive to the zbove differences in procedurs was enccuraging
and shouid indicate the genc:al usefulness of the data obtzined,

Durinpg the ¢esting of panels with gross and net sections near the yield
strwis, the question of whether the peint of constant load could still be
assoriated with crack extansion needed further resoluticn., Sirce the constant
icad point on the tasr curve is actually d2pendent upon the respcnse of the
load syztim to the rate of eravel of the test grips, it »as reasoned that in
the range of behavicr whers gress and net section yielding accompanied fracture,
the maviousz joad point could possibly be reached without an accompanying change
in ezack extension. Figuxes 56 through 60 show the lcadecrack length-elongation
warsus £ilm frames av l8/sec, fovy 12 inch wide panels near failure. It can le
seen that tesr velozity decresses with increasing crack length and in the
Zonge 2o aey ienghhs the 2 ,ein; of peak load has only moderste significance.

In the ghorver cracks, good correlation batween psak lcad and significant in-
44 eace in tegr xats ware sbiziped,

ing scudies wers conmsducted on 12 inch, 20 inch and 30 inch wide
each t%itkaﬁsz; Thege studies were conducted for the purpose of
& he haginning of sigaificent buckling displacements ccould
45 with gne opaexved drep off in strength at longer crack iengths
2 ;an%is; The repulis of his study showed that this was not rxhe
i%ﬁti?n of the panmwls started at sherter crack lengths thsa the oh-
p iu spzangihs A sumzary of buckling deflecticms is given {m Table
ﬂ:é221~- were taken uging 2 vocl makers microscope from photo~
ratizl to the ioad direction ¢ud 3s cicse to rhe panel as pose
irg of other ouckiing scudies are showm on Figurer 19 through
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