
■f iff!IJLii .ii.i.i n,,,t<myiij,„up 

I 
I 
I 
I 
| 

I 
I 

! 
i 

I 
I 
I 
i' 
i 

! 

I 
I 
I 
I 
1 

jpSt>S/?/J/c /U^y^j)   'V/<- 

if ^^y^ 

THB STRESS INTENSITI FACTOR AT THE TI? *v -iHE 
CRACK A3 INFLUENCED BT RIVET FORt^ 

Technical Status Report lb. it 

For 

AIR FORCE OFFICE OF .SCIENTIFIC RESEARCH 
AIR RESEARCH AND DEVELOPMENT COMMAND 

Jane« P.<RortualÄJ) 
KlLitfJJl'ö3uSnglj»erii» 

Carpagia Inetltnto of TaohnölonO 

C^(j& 

Reproduced From 
Best Available Copy 

Copies Furnished to DTIC 
Reproduced From 
Bound Original 

\jn\'\rrw 

20020716 203 



"■"■^l 

CARNEfflB raSPITOTB OF TBCHBOLOOI 

•ad 

AIR JORCE OFFICE OF SCXEHTIFIC RESEARCH 
AIR RESEARCH AND DEVELOP»» COttOND 

Contract No. AF Ii9(638)-237 

THE EFFECT OF STIFFENERS OK FAST CRACK PROPAGATIOH 
IM THE DE3IOH OF FAIL-SAFE AIRCRAFT STRUCTURES 

Toehnieal Status Report I», tt 
Prqjaot So. 17SÖO 

TITLE OF REPORT»    THE STRESS IHIEHSITr FACTOR AT 
THE TIP OF THE CRACK A3 IHFLUENCED BI RI7ET FORCES 

M 

Data»   rjfjJI.       liy.^S^       CL^A.   fi    LT^USAJJ- 

\J    Project Supervisor 



Bfy^y'T1 V ^K^rr^W^l^^m^jfsV^WyV^mw. 

I 

THE STRESS INTENSITI FACTOR AT THE TIP OF THE 
CRACK A3 INFLUENCED BT RIVtT FORCES 

Introduo tlon 

The eff«ot of a riveted stiffener placed perpendicular to and In ad- 

vance of a crack la twofold: firat, the stiff oner reduces the buckling of 

the plat» containing the crack and second, rlTot forces will be induced 

•ach that all rivets in the neighborhood of the crack tip «ill apply 

force» to the plate in a direction to oppose farther motion of the oraok. 

Both of these effects tend to stop the crack in the vicinity of the Piiff- 

In Technical Statns Report Ho. 2, September, 1958, the inorease in 

fraetnre strength dne to reduction of buckling ma evaluated. An analyt- 

ical etudy of the streaa intensity factor, I, and ita various rssdfioa- 

tlone was nade in Technical Status Report No. 3, dated January 1$, 190, 

In tola report experimental data ie presented supporting the analyt- 

ical study aade in the previous Statns Report.. These tests shov that it 

is possible to measure K by use of strain-gagee placed near the eraok Up. 

Another test involves determination of ^ the orltioal strsss-lntsnsity 

factor for oneet of rapid fracture. Later teats investigate the effect of 

a aingle rivet force upon strers at the crack tip. Although the results 

of those tests are here summarised, this testing program la not complete. 

The Strews Intensity Factor 

In the vicinity of the crack tip, and colinear with the crack, the 

stress intensity factor is given by .(1) 

/ 

(1) Raised parentheses refer to references in Bibliography. 
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K»J2?   fl^ (i) 
I 
! 
#■   - ■■■■,■• 

| This expression Is valid for all applied stress patterns, sash ss uni- 

, fom tension rsnote fron the brack and splitting fovoss la the orsekv 

1 If ths Airy stress f&uotion is represented b/2' 

¥■'-      ■ ■■■■'■'                                                                                                                 '-'■,':'." 

I F-RftS^ylml          (2) 
| «her* 2, Z and Z» are eueeessi*s derivatives of a fnnotion t\m), «hers 

I a is (*♦ iy), then 

( <r„ - 0 - He H -y Im 2'       {3) 

cse-0-Rc 2+y XwzT (w 

For the ease of a eraek porponrtlralsr to a field of «dfom ten- 

I The reel part of this function is determined by substitution of the 

i 
peraaeters (see Figure 1)7 

f ra,rc (6) 

If (5) is substituted into (5), then 

I 
I 
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Far stresses along a line colinear with the crack, all 9's - 0, 

y«! - a ♦ r and y^« 2a ♦ r» Expraasion (7) for this cosa becomes 

i 
i 
i 

Sine« y • 0 along the line colinear with the crack, aquation (It) 

becomes 

<* - 0 * Re   H. (9) 

«hence 

In the region rery close to the crack Mp, r ia noch scalier than a, and 

aay be neglected in comparison to it, so that 

CM 
jjjSL 

'*      ^r (ii) 
IT (11) is substituted into (1), then 

K<r=   CT^oC (12) 

In a similar manner, the Tales of K nay be determined for the tase of 

splitting forces in the crack, the expression being (see Figure 2) 

For the case of pinching forces applied near the ends of a crack, 

(see Figure 3) a pressure distribution is ob^*lned within the crack, 

and an equal and opposite internal pressure oast be applied to make the 

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

~3 



|«^P»j^iH!p«?5*l»^*^^ 

numerically using expression (13) with suitable; values far P end b. 

I values nay be determined experimentally by »train gage measure» 

aents near the crack tip.   However, a certain error is Involved here 

that la an increasing function of the ratio r/a.   For the case of a 

crack in a uniform atress field, the ratia of K,, the apparent strees 

Intensity factor to K is calculated by dividing expression (20) by 

(11> 
LO-*r»| 

(1W 

For the ease of splitting forcee in the crack 

kfc3   ,      Sn       43v*_  2b2r _ V77r» 
K ^o. "   32o*        a»      »28«» 

(1S> 

Experimental Determination of the Strees Intensity Factor 

Aa discussed previouely, the stress intensity factor aay be deter- 

alned by neasoring strains close to the crack tip. The stress intencity 

factors, for 7ariooa crack lengths, were measured in Tests 1, IT and 1X1, 

Figure 1» show» the central portion of the teat specimen», depleting the 

crack of length 2a and four strain gagee, the centers if ltd eh lie at 

x • * (a ♦ r). For Teat I, the dlaeneion "a" waa one inch, "a* waa two 

inches for Test II and three for Test III* The data from these testa ia 

tabulated in Tables I* II and III and the result» plotted on Figures 5» 

6 and 7* The theoretical expression for K aooears a» a straight line on 

these Figureso Experimental results are in good agreement with the theory* 

Macaoroaant of the Critical Stress Xn&onaity Factor 

The critical stress intensity factor« KQ, is measured at the onset 



I 

I 

of too material aro constant.    For'a plate with a centrally located 

crack, 

Kc» ac,So"a (16) 

\ 

I of rapid crack propagation. Its value reraina relatively constant for a 

• certain range of crack and plate dimensions, providing the properties 

I 
I 

where CTC ia the uniform stress applied to the specimen at onset of 

I rapid crack propagation and ac is the half crack length existing at 

the sane instant« 

In Test IV, a centraUy notched plato «as loaded until failure. A 

I continuous record of the load was mad« on a recording millivoltaeter, 

The load was converted to millivolts using » tfceatstone Bridge with 

ona an consisting of strain gages mounted on a load bar. The ndJ.U- 

voltaeter was read at certain loads on the specimen. These readings, 

along with other test data, are given in Table 17 and plotted iu Figure 

I 8- The maximum reading of the milliroltmeter was easily determined 

from the continuous record of load vs time. Figure 8 shows this reading 

I and the corresponding load at fracture« 

The crack length at the raset of rapid crack propagation was measur- 

ed by the extent to which India ink had marked the fracture surface»    The 

ink had been placed in the crack tip at the start of the test. As the 

crack grew slowly, the ink moved with it, but once the crack started to 

grow rapidly,, the ink was unable to follow. 

For « specimen of Alclad 7075-T6, the critical value of the stress 

intensity factor was observed to bo 37*000 3J»-(in6hea>"  - This value 

agrees with those of other investigators , Table V   gives fracture re- 

sults for various material* in terms of agrees intensity factor and also 

crack Sxtonsion force rQ» 
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t 
i Evaluation of the Effects of Pinching Forces on Stresses la a Plate 

Pinching forces are Applied to the plate in the region of the oracle 

Up «a shown in Figure 9. The forces are applied by two bait« above 

and below the crack connected by two straps. The elongation of the 

specimen induces stress in the strap and the frfmAing force can be de- 

termined fron tiie known calibration., 

Tha> theoretical pressure distribution  brtwien a ■*"#** pair of 

opposed forces is shown in Figure 10. Test V is concerned with this 

FVMfeu» distrlbutiono In this test the straps causa pinching forces 

i» absence of a crack. Table VI gives the results of this test. The 

stresses are measured both with and without straps, the difference be- 

tween the two stresses being designated ^. If F la the pinching force 

In pounds per inch of plat« thickness, then Afl*/^ should be a constant 

for any distance r fro« the crack tip. The average error of four measure- 

Kente of ^fc. waa 8 percent. 

The additional pressure distribution*2' caused by the presence of 

the crack Iß shewn in Figure U. This distribution was verlflat* by Test 

VH» This test was similar in all respects to Test 7 except that the 

crack waa six inches Jong and the pairs of pinching forces ware six inches 

apart. Stress readings for this test give the sum of the pressure distri- 

butions of Figures 10 and 11„ Again, the results of the test are given In 

terms of ^^p , The experimental error wae 10 percent „ 

Direct measurement of K valuea was impossible for Tests 7 and 711 due 

to the similar magnitudes of the stress fields that were masared. How- 

ever, the symmetrical field may be measured singly in the tbsenee of the 

crack and then subtracted from the total stress measured with a crack. The 

stress Intensity factor applies only to the stress field with a discontin- 

uity at the or&ck tip. 

-6 
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for Pair of Opposed Forces with Crack Present 
Total distribution - SUB of Figures 10 and 11 
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TABLE 

TEoT  X SPEQME.M: A.LCLAD 7075-TL> 72**24« H* 

FOLLOWING   DATA   \S THE  AVERAGE.   OF  TWO   T€STS 

<X-l.O       ir=O.ZS' 

LOAD 
500 

1000 
1500 
2000 
2500 
3000 

LOAD 

500 
1000 
1500 
2000 
2500 
3000 

STRA»Nl*tOfc 

Retfcrra 

333 
667 

100O 
1333 
1667 
2000 

RSHOT«, 

LtPT L6FT RIÖHT 1 RIGHT AVE AVfi   t 
** «- €1 1   «- €« e« 

+ 35.0 + 2.5 +   51,5 !+   2.0 ♦■43.3 +   2.3 
83,0 4,5 98c 5 3.0 90,7 3.7 134.0 13.0 1M.0 4.5 139.0 *.7 184.0 16.5 190.5 8.0 137.3 13.3 232.0 24,0 235.0 9.5 233.5 16.7 281.0 28,5 285.0 10.5 3)3.0 19.5 

333 
667 

1000 
1333 
1667 
2000 

K-<*BL 

333 
667 

1000 
1333 
1667 
2000 

SEHT) » a* I firo^ ■ tt«. 

506 
1057 
1632 
2201 
2750 
3330 

358 
748 

1154 
1556 
1942 
2350 

M«.*«. » K 

303 
632 
976 

1315 
1642 
1988 

FORMULAS    USED 

»-V* Kfc» Jar 0^ 

K, 
32 «C* 

^-,4ft-fe-M7a 

E* »O^p*» *0.3fc 

-19- 
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TABLE. IL 

TH^T    H SPEC\MEN= ALCLAD  707S-Tfei 7Z"*24"* V»J 

FOLLOWING    DATA   l«b THE   AVERAGE   OF   T\s/Q   TE.STS 

ft*2.0"     r« 0.25* STRAIN * »Ofc 

LOAD 

500 
1000 
1500 
2000 

RtEMCTC 

333 
667 

1000 
1333 

UEfT R\<iHT /KVft Avm   1 
&«   1 

+ 52.0 
109.0 
165,0 
223.0 

+   8.5 
23.0 
38*5 
51.0 

♦   76.5 
136.5 
195.5 
251.5 

+   14.5 
28.0 
40.0 
52.0 

+ 64.: 
122.1 
iflo.: 
237«,; 

+ 11.5 
25.5 
39.3 
51.5 

LOAD 

500 
1000 
1500 
2000 

RtMOT« 

333 
667 

1000 
1333 

I 

K-qJöLJK%^>>aJ^a,,K<. 

471 
944 

14U 
1887 

785 
1515 
2235 
2940 

Q* m K«. .9K»K*«K 

555 509 
1070 981 
1578 1445 
2075 1900 

FORHULAS    U5EO 

K».» $2r a^ 

c>\o>%i |0| a 0.34 

-20- 
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TABLE: EX 

TEST HI SPE.CIME.N-.ALCL.AD   707S-Tfe', 72~«Z4"* SAC 

FOLLOWING,   DATA IS THE. AVERAGE    OF TWO TE^.TS 

'■) Kgjg 

CL»3.O   r»o.2« STRAIN; MO* 

LOAD 
W-HOTC 
STRESS 

ItFT 
6* 

LEFT 
6x 

RIGHT R\faWT 
6. 

Ave 
€■■* 

AVE 
6.x 

500 333 +   8C«5 +   28o0 ♦   64,5 +    22„0 + 72.5 + 25,0 
3000 667 143.0 50.5 132.* 41.5 137.7 46,0 
1500 1000 209.0 71,5 200.0 63.0 204.5 67.3 
2000 1333 271.0 92.0 269o5 85.5 270.3 88.7 

LOAD Renore K»cvja. Ht€.,*HO •Sz? 0^ » K.. .942<».«K 

500 333 577 937 662 624 
1000 667 1157 1773 1255 1182 
1500 1000 1732 2630 1860 1751 
2000 1333 2312 3470 2460 2318 

K 

K 

FORMULAS   ÜSE.D 

^«.*>j2r 0* 

'♦Ä-iäS 

■-^- -      S      - I Qfe\ 

E.» io>*'\ , » 0.3fr 
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TABUE.   J2T 

VOLTA<iS.   APPLIED   TO   BRIDGE:    \"7.A 

LOAO MILL WO LTMETSR, 
0 0.00 

2000 0.20 
2000 0.42 
3000 0.67 
4C00 0.88 
5000 1.13 

10000 2.28 
15000 3.40 
20000 A. 58 
30000 6.» 

Fraoture 7.23 

FRACTURE   LOAD   FROM    FtGURE  Q>t3L5*\Ps, 

\N\T\AL   CRACK   LENGTH, 2a » COO" 

CRACK   LENGTH  AX   OKSET, 2cc-fe.25* 

VC     -»    B\«SOOJ'3.l3 -Jfc *^c *   —a   ^ «r- — •» ^7,000 -*-m   ** 

^   . TIO-V .  (3^l2t.QyC3.\3) ^.m-i 
c E lO.l ^°* 
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TABLE: SL 

Critical values of the Crack Extension Force and the Stress Intensity 

Factor for various materials (3) 

Material 

7D75-T6 Aluminum (Plane stress; average of 
about 50 tests at room temperature) 

2024-13 Aluminum (Plane stress; average of 
about 15 tests at room temperature) 

Cast Columbia Resin (CR-39; room temp.) 

British ship steel 
(Plane strain; room temperature) 

<4>. 
350 

470 

1 

153 

Kc 

34,000 

39,500 

350 

42,000 

-23» 



n .r.v? ■•"^v&ny&vr':-. s ■ - 

?   TABLE 3ZL 

TEST ^ - TEST OF  pL/yre. WITH  -STRAPS   BUT 
WITHOUT   CRACK    TO   VERIFY    PRESSURE 
DtSTRiBUTIOM    OF   PtS*CV-UNG>    FORCE5 

LOADS   ARE    APPLIED    »O  PLME    AHD   RESULTING 
STRAP   LOAD   IS   DELTE.R.M\Ts\eO   THROUGH   PREVIOUS 
CALIBRATION 

r— •   - 4 

(N^H 

K 
<& 

*  BOLT STRAP- r*i 
*•»' 

STRAPS 

Left 
Right 

10,000 
STRAP LOAD   AT 
PL-ATfE.    LOAD 

<b 

■^—I 

v. 

*TSTRAIM 
Llj   —GAUGES 

360 
AOO 

STRAtW 
10,000 

20,000 

535 
625 

« 10*   AT 
20,000 

»0,000 

78 
175 

493 

181 

472 

152 

+ UOO 

- 410 

+ 1023 

- 356 

I STRESS     AT    RUVTE:    LOAjb 

PLAT«.   LOAD 

*ERO 

- 320 
-155 

10,000 

+ 636 

- 233 

+ 575 

- 182 

1ERO 

IP, OOP 

4920 

4790 

20,000 

10,930 

10,280 

\o,ooo 
6450 

5850 

+ 128 

- 40 

+ 93 

- 28 

1E«0 

1310 

953 

-24- 



TABLE. SZX (CONJT.J 

LOADS APPLIED   TO    PLATE.   WITHOUT 
BUT  WITH    BOLTS»    IN*    HOLES 

STRAPS. 

%. 

*** 

STRA\M   * tOb AT   PLATE.   LOAD 
"ZERO \ 0,000 20;000 \o,ooo 

V ♦     628 +     1258 +     640 
€*w -     183 -      389 -      187 s* ♦     622 +    1257 +      635 

€** -     253 -      496 263 

10 

u 
13 

10 

STREP'S.   AT   PLATE   LOAD 
\o,ooo 

6170 

6400 

20.000 
12,420 

12,800 

10,000 

6380 

6520 

1ERQ 

80 

115 

1      r     r 

zi<x u». 

Aöi "*« 

STRESS DUE. TO  STRAPS ALONE 
\o,ooo 
-1250 

- 1610 

20,000 

- 1490 

- 2520 

10,000 

70 

670 

RATIO    OF    ^^/pr 

-S-S.RO 

1230 

838 

UEFT 
RIGHT 

10,000 

cZL7 
„252 

"2 O.OOO 

.174 
,252 

THEORETICAL   VALUE.   OF    ^/^   -     .243 

AVERAGE    OF   FOUR  READ\Nl G<ö » .224, ERROR  €>% 

-25- 
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TABUE.   "2IL 

TEST  2IL - SIMILAR    TO   T6.ST   "SI    EXCEPT  THAT 

PtNCHlM6>    FORCES    ARE.   A9PUED   TO   ENDS 

OF     fc"CRACK 

LOADS   ARE   APPLIED   TO   PLATE    AMD   RESULTWMG» 

STRAP LOAD  tS DETERMINED   THROUGH    PREVIOUS 

CALIBRATION 

STRAP   LOAD AT   PLATE   LOAD 

|STRAPS 5000 IOOOO SOOO 1ERO 
I.E. rr 
R»G»HT 

♦   315 

+   380 

♦ 400 

♦ 400 

-   165 

+     25 

- 530 

- 300 

M^CRAEie +   342 +   440 -     70 -    415 

STRAIN *■ iOfc   AT   PLATE    LOAD 
1 SOOO IOOOO SOOO ?ERO 

s. +    311 ♦     710 +   486 +   188 

«-KU -      30 -     119 -     42 -     14 

**** +    294 +     707 +   442 +   140 

**« +      50 ♦    193 ♦     63 +       2 

-STRESS     AT   PLATE   LOAD 

SOOO »oooo 5000 HERO 
3450 

3580 

7660 

8920 

5410 

5340 

2110 

1610 

Ave«A<ia 3510 8290 5380 1860 

-26- 



TABLE: vn   (CONT.) 

LOADS   APPLIED TO  PLATE,   WITHOUT    STRAPS 

STRAIN   *   10fe  AT   PLATE.   LOAD 

50OO IQOOO sooo 2ERO 
**. +   430 +     809 +     419 8 
€«u -    13 -     141 -      15 ♦        5 

S« +   458 +     968 +    464 *       3 

«*« +     50 +     237 +      49 2 

STRESS»   AT   PLATE    LOAD 
SOOO \oooo 5000 IERO 

4910 

5470 

8700 

12310 

4760 

5540 

-   70 

+   20 
AVERAGE. 5190 10500 5150 -   50 

AVERAGE   TAKEN  TO   REDUCE.   BUCKLING» 

STRESS     DOE. TO   STRAPS   ALONE*. 

SOOO \oooo 
AVE   AG$ 

AVE    ^°VF 

- 16*) 

.307 

- 2210 

*314 

THE.ORE.TIC.AL   VALUE   OF    ^a^».343 

AVERAGE.   OF   TWO  READINGS-.310, ERROR.  \0% 

TH\s    LARGE   ERROR     »£, ATTR\BUTABLE 

TO-   SIGNIFICANT    BUCKL\MQ)   OF   SPECIMEN 
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