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HE WPICTS OF RIVET YIELNTNG ON RISIDUAL STRENGTH OF STIFFENED STRUCTURE CONTAINING CRACKS
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1. INTRODUCTION

The residusl strength of a riveted structurs comtaining cracks can be determined using alastio finite
elsment methods. Thess methods have been shown to give reasonable results when the skin material fracture
toughness is comparstively 10\:[1]. In thess methods, the simulation of rivet flexibility is cesential to
obtain reasonabie analysis-~tenst correlation. Whea mterial fracture toughness Ls high and when the srack
tipes axtend beyond the oreck arresting stiffemars, it is oftex necessary o consider moulinear shear
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slastic snalysis results. Certain difficulties exist with non-linear finite slement analyses. Thess
difficulties are sainly sssociated with computer operational costs. Displacement compatibility methods
offer considerable reductions in computer running tise and the use of this approsch together with non=
linear rastsmer displacement churscteristics becomes sconomically feasible. This exsmple briefly describes
just such an snalysis which correlated with testiag extrumsly well.

2. STATENENT OF THE PROELEM

During the development test phase of & large transport aircraft, a stiffened panel containing a 2 bay
akin creck with a saw cut cwmtral stiffener, was testad for its residus] stremgth. The panel, messuring
120 inches lomg by 50 inches wids, wae mede frow 2024-T3 shest 0.071 inches thick. Stiffensre, spaced at
8 inches, were sade from "hat" section 707596 extrusions, 0.3471 square inches ‘n cross-sectional arsas.

A skin cruck was propagated into two ekin bays, norsal to the longitudinal stiffrming and squally spaced
about & central saw-cut stiffener. Static losding was mpplisd to fzilure after the skin crack tips had
propagated beyond the crack srresting adjecent stiffener.

Pailure of the panel wes precipitated bty rivet failure over the enmtire lengih of the crack arresting
stiffener at a gross ares stress of 3.7 hei with a hal? creck langth of 9.88 Inches. Elastic finjte element
asalysis would predict the failure mods as being rivet critical tut the allowable gross stress at failure
would be too low by a factor of 3.5 to 1 , This analysis indicates that the load in the first rivet,
sdjacent to the crack in the creck arresting stiffener, is extremely high. In fact, conciderable noo~

linear displacement of this rivet cocurs caneing adjacent rivets, progressively further avay from the

crack, to accept sors load. When his accurs the stiffener becomes less affeotive in reducing tha crack

tip stress intemsity factor and the panel groes allowabl:s stress, fyom & akin frecturs standpoint, is
reduced. This effect, of course, canno: be assessed bty elastic amalysis.

3. ANALYSIS

The snalysis uced to correlate the results of the panel  test was based on the displacement
compatibility method, The detaile of this wethod are presentod in the literature [Ei « Mgure 1
jllustrates the aethod and sa can be seen from the figure, either adhesively-tonded or rivetad structures
cait be corsjdered. Correlation of an adhesively bonded test panel, using this approsch, sppsare in the
litmtur?i}] « The approach is based on equating displacements in the cracked sheet with displacements
in the stiffening slementr after taking socount of fastening aywtem flexibility. Displacements in the
crackc! sheet are calculated at discree points using the Westersaard Complex Stress Function approach.
Pastening wywtas flaxibility and etiffener bending are both accounted for. The number of effective rivets
on each side of the crack in each stiffemer is usually 15. This was determipned Ly obtaining solutions with
differert nmmber of effective rivets assumed and then plotting crack tip stress intemwity factur as a
fupction of nuebar of sffective rivets. This plot decomss asymptotic at approximtely 15 rivets for the
2 bay orack case with a broken centrel stiffener. A matrix of influence coefficients is inverted to obtain
all the rivet lomds. Creck tip siress intemaity factor in the sheet is then detersined from
Muskhelishvidi's mho.dl““gd . Toe slastio-plastic lcad displacement charecteristics, obtainesd rrom simple
lap splice tests, we ated Yy the tri-elastic model shown in Figure 2 for the test panel under
consideration. The computer program, developed for tnis case, {irst generates elastic sclution tmeed
on the slastic slope of the rivet load displacemsnt curve, A1l rivet loads are then compared io the tri-
elastic model and the rivet flexibility satrix is then re-generated and a wecond sclution produced. This
procsdurs contivues umtil the crack tip stress intensity factor diffsrence betwsen successive iterations
is lesm thean s specified value, The final stress intensity factior, for the specific spplied groer area
strees and crack sise, is printed out together with all Tivet losds mnd stiffener siresses,

4. ANALYSIS RESULTE

The analysis results for the first elartic iterstion of the test pansl configuration are shown in
Pigurs ). The skin fracture curve is plotted using § valnes (#ee analysis in exsmple 3.1, 3.1) obtained
from the program together with a siin fracturs toughness walue of 197.87 kzi VIR, obtained from fast
fracturs of a previously tested stiff-med panel of different configuration {rom the one considered herw.
At the failure half crack length orf 9.88 inches, it can bs sesn from Figure 3 that the gross allowable
stresces are 11.5 kei, 12.5 ksi and 53.6 kel from rivet failure, stiffener failure and skin fracture
critaria respsctively. Actual failure took plece at 3.7 kei. It can be seen therefore that cae could be
minled Yy the results of an elasiic analysis. The aiastio-plastic computer progrem has the ability to
oonsider the effacta of rivet feilure ané Figure 4 shows rivet displacement as a function of gross area
atress for various mmber of rivets failed starting adjacent to the crack. As can be seen from the “igure
there is considerable difference betwesn elastic and plastic solutions. Witk all the rivets intsct the
firat rivet yields at & groes ares stress of only 6.808 ksi. YTielding contimies ss the gross area stress
is increased umtil poiat J iz reached em lime CDy whem failure of the first rivet oocure.
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iine €D regresects the average failure displacement of the rivet. Lines AS ssd IF represant lower and
opper bounds of riwet fallure displacesent respectively. The crack tip strese intemeity factor as o
fumction of gross area streas 1la shown in Pigure 5. The upper curve comsiders that all rivets are intact
aad the other curves are for differsnt nuaber of 1ivets failed, Wheo the firet rivet fails at constant
grosa ares siress the sirves intenaity factor incresses as cap be seem in Pigure 5. The vertical line i3
represents the critical strese intensity factor of 197.97 kei vin., obtained from & previous test. The
wvertical line CD represmis a Ky valus of 219 ksi Vin. weed for {llustration purposes later.

Pigure § shows & crues plot of the intersection of vertical line (D of Pigure 4 with the rivet displace-
sent curves. This cross plot is titled Rivet Pailure Curve. Similarly, vertiosl lines AB and CD of

Figure 5 are cross plotted in Figure § and are titled Skin Prasture Curve Ky = 197.97 ket VIG. ad

Skin Practure Curve X, = 215 ksd Vil respectively. Figure 6 represents a residual strength disgres for s
half armck length of 9.88 inches. To 1llustrate how this diagres works, assmume for the time deing that the
akin fracture toughness K. » 215 kei vIn: Losding is appl.sd slowly and the firet rivet adjacent to the
crack falle at point 4 of Pigure 6 corresponding to groer area stress of 3.5 ksi. The panel allowadle
from a skin fracturs standpoint immadistely drops from point B to C. Total fatlure doss mot however take
place beosuse the penal allowable based on sscond rivet failure bas incressed to point
rivet ia further sumy from the crack and thersfors less critical. The load i still only &t 3.5 kst
represdated Yy point B and therefore lower then € or D. Total pansl feilure would now cccur if

is increased to point C dus to skin fracture. In the case of the pansl undar discussion ths fracture
toughness K, is only 197.87 kai Vin. Whem the first rivet fails st 3.5 ksl gross stress, represented Yy
point A of Figure 5, the entire panel fails due to fracture imstability in the akin, since the penel
sllowable from s skin fracture standpoint drops from point P to point G, which is below the applied atress.
This walue is less tham 1 £ lower than the sotusl panel failure wtress of 39.74 ked. Varistion in riwet
failure displacememt, represented by the lowsr bound line AP and the wpper bownd line BF of Figure 4,
wuld give wristion of panel failure between points 0 and F of Pigure 6, The axplamation here is that

at the lower tound point O af Pigure 4, failure of the first rivet would oocwr at

1ban point 0 of Pigure & eo the load could be increased to ¥ kei, represssted Yy point G of Pigure 6.
Considar the woper bowsd point B of Figure 4, whers the first rivet would fai) at

1ibe panel failure stress would be limited t0 41 kel represexted by point P of Pigure § s
senis & spr-sd 1n allcwadle betwess 39.0 and #1.0 ksl equivelent to minus 1.86 and plus 3.17 per sent of
the actual failure stress.

5. CONCLUBIONB

E
:

1t has been shown that when crack tipe extend beyond the crack arresting stiffeners of a panel
octtaining & two ey crack that slastic snalyeis will not predict the trus grosa stress at fallurs.
Por ths coxfiguration discussed, considerstion of the slastioplastic rivet loaddisplacemant
characteristics gave excellemt correlaticn with test results. This slastio~plastic amalywis was sade
scomoirically fessidle with the displacement compatitility method wheress pom=linear finite slement methoda
would have been sxtramely costly.
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7. COMENTANY

This is an axcellent axamrls of the apylication of fracture sechenics techniques to predict the
abaviour of stiffened panels s» a fusction of applied load. By parforming malytical studiss as
descyibed in this example, even during the davign stage of an sirmaft the designer can find cut
widch structural slements will precipitate failure. If the results do Dot mest hia requirements, on
the asis of such an analyeis he is able to modify his design.

Finally, this exasple clearly demonstrates that on the wais of purely elastic computations ons may
easily come to wrong conclusions whem the prediction of residusl strexgth behaviour of s structurs
is involved. In this respect ansalytical methods are prefersble to finite elewent methods bLecawse
yielding of one or mors slements can swsily be incorporsted in the computatioa procedure.
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