- —

f

PHEE mx = B W
B IS B s -
»

"R

THE STRESS INTENSITY FACTOR AT THE TIP 7 -HE j
— CRACK AS INFLURNCED BY RIVET FOR"iS _ .

Technical Status Report No. L

For

AIR FORCE OFFICE OF SCIENTIFIC KFSBARCH
AIR RESEARCH AND DEVELOPMENT COMMAND

By

Juno!% minn )
<%hmumnanLntan£1 neering
cmnngnylnautwhnot!bmubh{4/)

Ty

Copies Furnished to DTIC
Reproduced From
- Bound Original

Reproduced From
Best Available Copy

70 P.‘T Re\ease
., "Pp'm{.e-\buﬂon Unlimite
Dictf

20020716 203




SR . S

WL
;T

CARNEGTS IRSTITUTE OF TECHMOLOGY |

AIR SORCE OFFICE OF SCIENTIFIC RESEARCH
AIR EESRARCH AND DEVELOPMENT COMMAND

Contract No. AF 49(638)-237
THE EFFECT OF STIFFENERS ON FAST CRACK PROPAGATION
IN THE DESION OF FAIL-SAFE ATRCRAFT STRUCTURES

Technical Status Report No. L
Project No. 17500

TITLE OF REMORT: THE STRESS INTENSITY FACTYR AT
THE TIP OF THE CRACK AS INFLUBNCED BY RIVET FORCES

Lorattd

natuﬁ{/u'f 16.1959 R

Project Supervisor

S




THE STRESS INTENSITY FACT(R AT THE TIP OF THE
CRACK AS INFLUENCED BY RIVIT FORCES

Introdustion

The effest of a rivetod stiffener placed perpendicnlar to and in ad-
vance of a crack i3 twofold: first, the stiffensr rednces the duckling of
tho plate containing the crack and second, rivet forces will be indnced
#ach that all rivets in the neighborhood of the orack t4o will apply

forces to the plate in a diraction to opposs further motion of the orack.
Both of these effects tend to stop the orack in the vicinity of the niiff-
ener,

In Technissl Statns Report No. 2, Seotember, 1958, the inorease in
fracture strength due to reduction of buckling was evaluated. An analyt~
ical study of the stress intersity factor, K, and its varicus ramifics-
tions was made in Technical Status Report No. 3, dated Jamary 15, 1959,

In this repar: experimental data is presented supporting tha analyt-
ical study made in the previous Status Report. These tests shov that it
is possible to msusure K by use of strain-gsges placed near the orack tip.
Ancther test involves determination of Ko» the oritical stress-intensity
factor for onsst of rapid fracture. Later tests investigate the effect of
& single rivet force upon stress at the crack tip. Although the results
of these tests are here sumrarised, this testing program is not complete.

The Streus Irtensity Factor

In the viocinity of the crack tip, and colinear with the crack, the
stress intensity factor is given bty'l)

- - - o w

(1) Raised pareatheses refer to references in Bibliography.
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This expressivn is valid for all avplied stress patterns, such as mi.-
form tension remote from the orack and splitiing foices intlnomk a
If the Atry stress fuction is repraseated ty'Z)

Fs Re = ‘.y Im 2 | ff (2) L
where 2, Z and 2' are suscessive derivatives ot a tnmtm 2(:),
s i3 (x + 4y), then

"3“':"7.:;‘“"2 -y Im 2 W
and | e
Mmccmdanukpmmartoaﬁdd‘ctmm-

sion, T ,

mnnmorwurumuonn determined by substitution of the
parsmeters (see Figure 1)¢

N (6)

If (5) is substituted into (5), then
Na - oo i [ , - :"—"Eﬂ )
S i -
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For stresses along a line colinear with the crack, all ©'s = O,
A =a+rand Q= 22+ r. Expression (7) for this cass becomes

- agl(o~"
2N~ e @

Sinow y = 0 along the line colinear with ths crack, equatimm (L)

becomes
G ™ —2:;3 = Re & (9)
whence

- a‘aa-r)
** Tawn G

In the region very close to the crack Sip, r is much amaller than a, and
may be neglected in comparison $o it, so that

Ty = (=>4

2 (11)
If (11) 4s substituted into (1), then

Ke = e AW (12)

In a similar mamer, the valve of X may be determined for the 2ase of
splitting forces in the crack, the expression being (see Figure 2)

2PJee
Ke = Fla-or o

For the case of pinching forces applisd near the ends of a crack,
(see Pigure 3) a pressare distribution is obiained vdthin the crack,
and an equal and npposite internal pressurs mst be applisd % make the

crack a traction free surface. The K for this case must be integrated

~3-..
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 mmerically using expression (13) with suitable values for Pend b.

K values may be determined experimentally by strain gage msasurs-
mouts nsar the crack tip. However, a certain error is involved here
that is an increasing function of the ratio r/;. For the case of a |
erack in a uniforn stress fisld, the ratix of K,, the spperest stress
intensity factor to X is calculated by dividing expression (10) .br
() oerr S

Sr*  Ir?®

-K-& -— - .
K a. \+ 4« T30 e by

For the case of splitting forces in the crack

Ka - Sr _ &a3v?_ 2b*r _W s |
w - ' qa.  Nat a* 12843 (5

Experimental Determination of the Strees Intensity Factor

As discussed previously, the siress intensity fautor my be Jdster-
mined by measuring strains close to the srsck tip. The stress invensity-
factors, for various crack lengths, were measured in Tests I, II and IXI.
Pigure §) shows the central portion of the test specimens, depicting the
erack of length 2a and four strain gages, the centers of vhish lie st
x =% (a+r). For Test I, the dimensiocn "a" was ons inch. "a* was two
irnches for Test II and three for Test III. The data from thess teats is
tabulated in Tables I, II #nd III and the results pletted on Pigures S5,

6 and 7. The theorstical exvression for K appears as a straight line on
these Figures. Experimental results are i good agreement with the theory.-

Msasuressnt of the Critical Stress (ntenslty Factor

The oritical stress intensity factoer, xc » 1s mmasured st the onset
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of rapid crack propegation. I4s value rerains relatively constant for a
certain rangs of crack and plate dimensions, providing the properties
of the material are constant. For a plate with a centrally located

crack,

K‘ = % m—e (16)

where O, is the uniform stress anplied to the specimen at onsst of
ra2pid crack propagation and ac. is the half crack length existing at
the same instant.

In Test IV, a centrally notchad plato was loaded until failure. A
contimous record of the load was mada on a recording millivoltmater.
The load wae converted to millivolts using a wheatstone Bridge with
on3 ara consisting of sirain gagas mounted on a load bar. The m)ld-
voltaeter was read at certain loads on the specimen. These readings,
along with other tast data, are given in Table IV and plotted ii Fgure
8. The maximm reading of the millivoltmster was easily determinad
from the contimious rocoxrd of load vs time. Figure 8 shows this reading
ard the corrssponding load at fracture.

The >rack length at ths cnset of rapld crack propagation was measur-

ed by thas extent to which India ink had marked the fractures surface., The
ink had boen plzced in the crack tip at the start of the test. As the
erack grew slowly, the ink moved with 1%, but once the crack started to
grow repidly, tha ink was uw.able to follow.

For a specimen of Alclad 707516, thn critical value of the stress
irtensity factor was cbserved 20 be 37,000 Jb«a(inchos,‘uyz, This value
agrees with those of other investigators. Table 7(3) gives fracture re.
sulis for varicus materiaiy in terms of aress intonsity factor and alsc

crack éxteonsion forcae, é‘ .
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Evaluation of the Effects of Pinchingr Forces on Strssses in a Plate

Pinching forces are appn{:d to the plate in the regim of the crack
tip as shown in Figure 9. The forces are avoviied by two bolts above
and below the crack connee’ed by two straps. The elongation of the
specimen induces stress in the strap and the pinchingfmoeipbodh
termined from the known calibration. "‘ B

The theoretical pressure di.tribution(h) betwsen a zingls pair of
opposed forces is shown in Figure 10, Test V is concerned with this
presiare distribution. In this test the straps cause pinching forces
ir absence of a crack. Tabla VI gives the results of this test. The
stressas are measured both with and without otrupa,_ the difference be-~
tween the iwo stresses being designated m:‘o If F is the pinching force
in pounds per inch of plate thickness, then ™/ should be a constant
for any distance r from the crack tip. The average arror of four msasure-~
xents of A% vas 8 perceut.

The additional pressure diatribution(z) caused bty ths presence of
the orack is shown in Figurs 11, This distribution was verifiss bty Test
ViI. This test waa similar in all respects to Test V except that the
orack was six inches }ong and the pairs of pinching forces were six inches
apart. Stress readings for this test give the sum of the nressurs digtri-
butiors of Figures 10 and 11. Again, the results of the test are glven in
terms of AGV; » The experimental error was 10 percent.

Direct measurement of K values was impossible for Tests V and VII duse
to the similar ny_agnitudu of the stresa fields that were msasired. How-
ever, the symmetrical field may be measured singly in the sbsence of the
crack and then subtracted from the total stress measured with a crack. The
stress intensity factor applies anly to the stress fieid with a discontin-

uity at the orsck tip.
-
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Fgure 1 - Configuration of Paramaters
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Pigure 2 - Splitting Forces in the Crack
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Figure 3 - Configuration of Pinching Forces
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Figure 4 = Crack and Strain Gauges
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Figure 5 - Thooretical and Experimental
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Pigure 9 = Specimen Used to Evaluate
RBffect of Pinching Forces
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Figure 10 - Pressurs Distribution for
Pair of Opposed Forces in a Plate
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Pigure 11 - Additional Pressure Distribution
for Pair of Opposed Forces with Crack Present
Total distribution = Sum of Figures 10 and 11
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TABLE I
TE3T 1 SPECIMEN: ALCLAD 7075-Té) 72°x24% ¢

FOLLOWING DATA IS THE AVERAGE OF TWO TESTS

a=1.0" ra20.25" STRAIN % |0

5 REnoTE LERT | LEFT [ RIGHT |RIGHT } AVE | AVE
; LOA D STRESS €y ] €, &y KPR Lyl €
500 333 +350] +2,5|+ 51.5]+ 2.0 *+ 43.3 |+ 2.3
1000 667 83,0 ho5 98.58 3.0 90,7 3.7 !
1500 10 134.0 13.0 14,0 4.5 | 13%.0 2.7 1
2000 1333 184.0 16.5 190.5 8.0 | 137.5 12.3
2500 1667 232,0 24,0 235,0 9.5 | 233.5 16.7
3000 2000 281.0 28,5 285.0 10.5 | 233.0 19.5
)

LOAD R:“l“ K‘c‘a [ a%% E ] GA', m‘a‘. KQ. L SAK, = K

500 333 333 506 358 303

| 1000 667 667 1057 8 632
1500 1000 1000 1632 1154 976

2000 1333 1333 2201 1556 1315

2500 1667 1667 215 1942 1642

3000 2000 2000 3330 2350 1988

FORMULAS USED

E €y + ME
= ESarued Ka= 05 0
Ke 3r _ 5pa
il - R~
Ke 3 .
E = 10 psi p=03e
-19-
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TABLE TL
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SPECIMEN: ALCLAD T075-To} 72°x 24"« Vic

FOLLOWING DATA 'S THE AVERAGE OF TWQ TESTS

az2.0" re«o0.25" STRA\N % |Q*
ST | LEe T RiG™T
Loan | | e | [T e

500 333 + 5201+ 8,5 B 76.5
1000 667 109.0] 23.0 | 136.5
1500 1000 165.0] 38,5 | 195.5
200 1333 23,01 51.0 | 251.5

LoAD | "Fagas | Kroia |"EiMYeq, | G gy = K | .910 K=K
500 333 W 785 555 25
1000 667 oul, 1515 1070 941
1500 | 1000 | 11 2235 1578 UikS
2000 | 1333 | 1887 2940 2075 1900
FORMULAS USED
E(e,+Me
Tog ™ —'%—__*g{—:) Ka= & oy

K - L 3

welrR-8R

Ka o 2 S

K ' 32 " 30%e 21002

E *\07pai M=0.36

=
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TEST IOI SPECIMEN:ALCLAD 7075-To) 72'%24 % Vi

FOLLOWING DATA IS THE AVERAGE OF TWO TESTS

a=23.0 ra0.25" STRAIN x\0"
. TE =T | R\GWT RicGT AVE AVE
| LOAD A LZ‘:T - € € €4q ' &x )
500 333 I+ 8C.5|+ 28.0{+ 64.5 |+ 22,0 |+ 72.51+ 25.0
1000 667 143.0 50,5 132.5 1.5 137.7] 46.0
1500 1000 9.0 .51 200.0 63.0 | 204.5 67.3

2000 1333 2n.o 92.07 269.5 85,5 | 270.3| 88.7

LOAD_| TReds | Krola |Beakts) | 57 ¢ Ko |.942K, =K

500 333 5T 937 6562 624
1000 667 157 1773 1255 1182
1500 1000 1732 2630 1860 1751
2000 | 1333 2312 470 24,60 2318

FORMULAS USED

E§€a+ue)
Oy NImT Ka = 37 oy
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TABLE I

TEST IX SPECIMEN: ALCLAD 1075-Tb, 2% 24" Y

% . VOLTAGE APPLIED TO BRIDGE: V.4
B .
LOAD | miLLiVOLTMETER
) 0,00
¥ 2000 0.20
3000 0,67
m 00&
5000 1.13
10000 2,28
15000 3.40
20000 Lo58
30000 6,91
Fracture 7.3

FRACTURE LOAD FROM FIGURE &3 3.5 wes

INITIAL CRACK LENGTH, 2a = 6.00"

CRACK LENGTH AT ONSET; 2a=6.25"

Ke = BMSOOT3I3 | o) 000 #-m~%

4 - 2 -t
& = ngt . (3.\4X:;97) @13) | 105 *-n
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TABLE XL

Critical wvalues of the Crack Extension Force and the Stress Intensity

Factor for various 1mte.'ri‘a.'l.ac‘1 )

Material /éjc_ Ke
7075-T6 Alumdnum (Plane stress; average of
about 50 tests at room temperastura) 350 34,000
2024~T3 Auminum (Plane stress; average of
about 15 tests at room temperature) 470 39,500
Cast Columbia Resin (CR~39; rcom %emp,) 1 350
British ship steel
(Plane strain; room temperature) 153 42,000




! \TABLE-: ~L
TEST X - TEST, OF PLATE WITH STRAPS gUT
WITHOUT CRACK TO VERIFY PRESSURE
DISTR/BUTION OF PINCHING FORIES

LOADS ARE APPLIED 1Q PLATE AND RESULTING
STRAP LOAD 1S DETERMINED THROUGH PREVIOUS
CALIBRATION

O MU srrap— O
!'"'Zd"
[ . [
. STRAIN
L You! ) DeavcEs
D ()
%" 4" A
STRAP LOAD AT o ot

PLATE LOAD
STRAPS | 10,000 | 20,000 | 10,000 ZERO

Laft 360 535 78 - 320
Right 400 625 175 - 155
STRAIN X 10° AT 'PLAT® LOAD
10,000 | 20,000 | 10,000 ZERD

Sy, + 493 + 100 [+ 636 + 128
€ - 18 - 40 |~ 233 - %0
€4a ® 472 + 1023 + 575 + 93
€um, - 152 - 356 - 182 - 28

STRESS AT PLATE LoAD
10,000 | 20,000 | \0,000 ZERO

)

Oy.. 4920 10,930 64,50 1310
Oy 4790 10,280 5850 953
.a.




TABLE WX (CONT.)

LOADS APPLIED TO PLATE WITHOUT STRAPS

BUT WITH BOULTS IN HOLESDS

STRA\N % 10° AT PLATE LOAD

10,000 | 20,000 | 10,000 | 2ERO
€y. |+ 628 + 1238 + &0 + 10
Car |+ 622 + 1257 + 635 + 13
©m |- 23 |- g6 - 23 |- 10
STRESS AT PLATE LOAD
10,000 | 20,000 10,000 ZERO
T 6170 12,420 6380 80
Cye 64,00 12,800 6520 1s
STRESS DUE TO STRAPS ALONE
| 10,000 | 20,000 | 10,000 2ERO |
AcSy, ! L1250 - 190 + 70 + 1230
ACyq | - 1610 ~ 2520 - 670 + 838
RATIO OfF ATy,
10,000 | 20,000
LEFT o217 L7
RIGHT 2252 0252
THEORETICAL VALUE OF A4 = 243

AVERAGE OF FOUR READINGS =.224, ERROR 2%




TABLE WIL

TEST Y1 - SIMILAR TQO TEST X EXCEPT THAT
PINCHING FORCES ARE APPLIED TO ENDS
OF 6" CRrRACK

LOADS ARE APPLIED TO PLATE AND RESVLTING
STRAP LOAD 1S DETERMINED THROUGH PREVIOUS

i CALIBRATION
l STRAP LOAD AT PLATE LOAD
STRAPS | soco ]| 10000 | sSo00
l L LEwT + N8 + 400 - 165 - 530
RIGHT + 1380 + 480 + 25 - 300
' l aweRrsGe | + 342 + 440 - 7 - w5 |
. STRAIN % 10° AT PLATE LOAD
| 5000 10000 | soco ZERO
l €,8‘_ + 311 + 7O + 486 + 188
l €w |- 3 - 19 |- 42 - u
€ [+ B + 707 |+ w2 + o
l €xn + 50 + 193 + 63 + 2
' STRESS AT PLATE LCAD
S000 10000 S00Q AERO
. OI,._ 3450 7660 5410 2110
Cne 3580 8920 5340 1610
l AVERAGS 3510 8290 5389 1860
| 2
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TABLE. MIT (CcoNT)

LOADS APPLIED TO PLATE WI\THOUT STRAPS

STRAIN * 10° AT PLATE WOAD

5000 10000 _| S000 ZERO |
€ + 1430 + 809 + 419 - 8
€y - 13 - um - 15 + 5
€ya |+ 458 + 98 |+ 48 + 3
2

€ + 50 + 237 + 49 -

STRESD AT PLATE LOAD

SO00 \O0OQO0O 5000 RERO
T 1910 &700 4760 -7
Oym 5470 12310 5540 + 2
AVERAGE.[ 5090 10500 5150 - 50

AVERAGE TAKEN TO REDULE BULKLING

STRESD DUE TO STRAPS ALONE

| | soco l\oooo f
AVE  AGey - 160 l - 2210

0307 2314

ave Ay,

THEORETICAL VALUE OF %%4 - 143

AYERAGE OF TwO READINGS =.310, ERROR \0%

THIS LARGE ERROR 1S ATTRIBUTARLE
TO. SIGNIFICANT BUCKLING OF SPeEciMEn
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