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RIVETING IN HETAL AIRPLANE CONSTRUCTION*
By Wilhelm Pleines

PART III
Strength of Riveted Joints in Dyralumin (continued)

Test Installation and Arrangement

Test arrangement and test program.- We selected a double

shear bolted joint (to conform with the double shear one-rivet
riveted joint) with one bolt, the butt straps and the bolt of
steel, the rivét plate of duralumin (Fig. 91).

In deciding on the material for butt straps aﬁd bolt, we
intended the dimensioas of'%hese pieces to be large enough so
as to remain below the yield:point when the plate failed under
maximum crushing pressure; vWe used high tensile steel (qB =

~115.0 kg/mn?, Brinell hardness). Another factor in this

shearing strength
tensile strength
is much lower than in i#ron and steel (about 0.70 - 0.8 by

decision was that for duralumin the ratio

steel and iron as compared to 0.6 — 0.65 for duralumin), and
thet ?he ratio of compression strength to tensile strength in
duralumin_is rmuch higher than in steel. ' B
Pietzker, ("Strength of Ships," Berlin 1911, published by

Mittler & Co.), not without cause, points out that conditions

*"Nietverfahren im Metallflugzeugbau." From Luftfanrtforschung,
Vol. VII, N¥o. 1, April 30, 1930, pp. 43-58. For Parts I and II,
see N.A.C.A. Technical Memorandums Nos. 596 and 597.
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and quality of the driven rivet alone shou}@ be the deciding
factor iﬁ judgiig the quality of the rivet'material, becaﬁse
its strength characteristics méy ©& changed considerably boy
riveting. He proves by a series of tests that the yield point
and the fearing strength of driven and nlain rivets yield de-
cidedly h*gner values when the Tivet material of the driven

rlvet is exanlnea.

TABLE XXIV~

Yield »noint and tensile strength of driven and plain rivets

(mean values). ..:

Conalblon W ith identical - { :Yield point - Tensile strength
Tivet material ‘ P;/ ° kxg/ca®

Rivet bar | 250 . | ses0

Rivet - plain 220 | 4830

Rivet - ariven B T T 5030

Thess Tigurés corfespond to about 6C% increase in yiesld point
and about BSﬁ'inQreaSeiin tengile strength in tne material of
the driven as well as the plain rivets in contrast to the

corresponding strength velues of the riVet var material. ~Of

course with subsequeént annealing those hlsnor stren gth figures

Y

are practically wiped out and the rivet bar material reassumes

its original figures. Using these strength figures ameliorated
by clinching as vasis for the preceding values for the os/cz
ratio (for steel St. 37 and St. 46 ~ 0.7 - 0.8), disregarding

the increased shearing strength due to riveting, the result
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would bc lower values foxr QS/UZ = ~0.55 = 0.8. But this, more-
over, implies that the Tratio osfcz can be the same for stecl
as for duralumin when the strength of the driven rivet material
is inclvuded in the comparison. |

But do these conditions apply to duralumin as well? Is it
possible to determine for duralumin an increase in strength
characteristics after wofking the Tivet material? As a matter
of fact, clinching streangthens the material and through it
improvcs the strength characteristics. In the following we
cite the figurees of several sheér tesfs on blain and driven
duralumin rivets, made in the Junkeré and in the Rohrbach shops.

1. To Getermine the shearing strength of duralumin rivets
(alloy 88la) due to working, We applied the same test to single-
rivet double shear test specimens with driven and plain heat-
treated rivets. Rivet plates and straps were of 2 mm sheet iron
to forestall enlargement of the rivet holes. The rivet diameter

Wwas 3.0 mm, the hole diameter 3,1 mm (drilled).

TABLE XXV

Shearing strength of plain and driven duralumin rivets
a) rivets, nlain-double sheer b) rivets, hand drivea
double shcar
Ultimate Rivet Rivest Shearing P
load dianm.. cross strength | P a f |og= 57
section O.= _2__ *
P a £ S 2.1
kg i mm 2 kg /mm? ke e | mm 2| kg /ma®
| 400 )
340 i 385 i '
o)e) z
330 3.0 7.0 a0 1331 | 7.5
345 395
390 I
Averggze | Average olel
343.0 3.0 7.0 22.3 '
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The hand ériven rivets showed a 30% higher shearing strength
than the plain rivet. Of course, one condition merits special

attention. The kind and manner of rivet work during clinching,

Fh

+
v

o

as 1n hana rivetingL villxalwayé depend on the skill o e
wofkéf and is subjeotithéfefgre to #ariafions. Test riveting
Tfor exacrlnental purposes 5ways éhows satlsfaétory strength,
out in o¢a1nary snop e k de ects and d ff erences are more apt
to occur. * - | |
That clinchin g éndjwofkiﬁg the rlvet oy rand or machine can
produce eLtirély different strength values ig shown in Table

XXVIi. It is the Tesulu of ‘a compar atl re shua test on single

shear, single 1 1vet teot Qoeclmcns haﬁ* and machine driven.

T TABLE XXUI-

Shearin *th of differently clinched.duralumin-rivets.

3 &

Rivet dismeter = 3.0 mm; hole diameter = 3.1 #m; rivet cross.
section : riveted :-f-:?7.05:&m2; rivet meterial ! dural
alloy 63la heat-treated; ﬁlateAmaterial : sheet iron = 3.00 ma.
(The vlate strips were 901181eu Drlo” to rlv rg Specimen;

tested 5 deys later.)
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a) Rivets, hand driven, b) Rivets, machine riveted on
hammer weight 200 g, eccentric press,
blows (light) 16 - 18, - maximum pressutre 60Q0 kg,
of which 8 -~ 9 for maximuam area 180 mm~ by
clinching. - - material strength of
45 kg/mn >,
Ultimate load P kg Ultimate load P kg
183.0 . . 238.0
197.0 ' ' 237.0
187.0 | : . 252.0
193.0 ' ’ 233,0
176.0 240.0
185,0 L 238.0
18&.0 B . . 234,0
172.0 ' 235.0
192.0 , .. 227.0
183,0 208.0
Average 185.5 - .- ~ Average 2333.3
- P o fmm?| B °
Og 7,05 26.3 kg/mnm . Og 7.05._52.9 kg /mm

The rivets driven by theAecoentrio press showAZS% higher
shearing strength than those driven by hand,-thus proving the
marked eifect of the better working throughout of the rivet
material by the eccentric press. Ihg'body of the rivet is
clinched better and more evenly than when hand riveted. On the
other hand, the material must be more thoroughly and evenly
- compressed in eccentric press rivetiné'as is evidenced by the
necessity of about 1 mm greatcr body length (10.0nm1against
9.2 wm) than ir hand driven rivets.
~Basing his statement upon extensive tenéion tests of

duralumin rivets, Prof. Schnadel points to the higher tearing
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strength of driven rivets, another proof of the strengthening
effect of werking the rivet material.

From Brinell hardncss tests on cold driven, heat-treated

L]

uuraluﬂlﬁ rivets (alloy 88la) of: from 8 — 323 mm diameter, R.
Beck dGLC mined- that the rivet body and -especcially the rivet -
head ond the sécond head show some, although not appreciably,

greatcr nordness than stored material due to the  strong

compressibn wh?lé}being worked. ,

Findeisen:iikewise stotes that the shearingfstréngth on
riveted.jointéjiﬁ:iron construction can be esgentiolly higher
than that -of the rivet material, not only on-account of the...
existing friction; but chiefly on account of the hardening of
the rivets when pressing the rivet head énd Qf'fhe clirching
when closing.

The discrepencies in working the rivets during clinching
and their cffeot on its strength charéotérisficé after driving
makxe deta 1lod prellm"uury experiments impérétive, if the
constructor is to take ad taae of this omelioration in
strength FTor tne desigd of structural components Which involve

riveting. Figure 91 shows such an arrongement. The inserted

‘plates were 1/lO‘mm thicker than the dural test plates, in

order to keep the friction between vniate and sirap at a

minimum. The bolts were of

silver steel (o0, = & 330 kg/mn)

surface ground and housed in high tensile steel bushings. The

hole diameter was the same for the whole test scries: 6 miay
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oéié was taken that the bolts were always used for one certain
hole. To make sure that the holes were smooth and round, they
werc drilled, one by one, which a 5.9 mm drill and then reamed
to 6 mm. | |
Test Procedure
1. Test series
Dimensions:
e = constant = 1 . d; d.: hole diameter

=
r = constant = 3.5 « 4, = 6.0 mm
S = Va.I'ia,blB f COom Oo 3 - 3.0 i

The first series was used to det urm1ne the crusnlng‘strenguh
for wvaricus plat tnlcknusoes. The CflnCtg of the_odb
diSuances e parallel and T psrpsndicular to the tension
had to be kept negligibly small'(Fig.A98); but since'these

effects had not been determined numerically, we made e and T

[97]

= 3.5 » d, and chese equal plate width '. nd GQUdL edge distance
fof all plate thickness s = 0.3, 0.5, 0;8, 1.0, 1.5, 2.0,
2.5 and 3.0 mm., The almensinns in wicdth and thidkness neaxr
the rivet hcle were acourate1y measured at diff crent points
(Fig., 93) and later used for defining the mean value. |

A Spcond requirement Wth“ peraits of no looseness in the
rivet joint, due to stresses while 1in operx atlo“, induced us to
make clongation measurements on the rivet boit joints of the
s = 0.5, 1.0, 1.5 and 3.0 mm osate specinens With Baum nn
tensiometers, set on both s1dus aliﬁctTy berind the bolts over

the a - a measuring length (100 mm) of doth dural plates
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which were to be tested for crushing strength (See Fig 101).
We measured tne total and the permapent elonoatlons for the
resoectlve load stages by repeated loadlng and unloadlng on
a 5 ton Mohr and Federhaff testlng machlne. After exceeding
the limit of elongation - about 4/10 mm - of the Baumann
tensiometer, we tested tnem to desU*uctlon and measured the
elongation on a maximum indicator scale - about 1/10 mm -
for the next load stages. S

| 2. Test eeries.

*

Dimensions:

s = constant = 1.5 mm,
r = constant = 17 mm = about 2.8 4d; = ‘ .
e = varying from 0.5'd to 4.5'd = 3. 0 to 27.0 mm,

i.e., according to Table YXVII.

 TABLE XXVII

« Dimensions of test specimens for series II.

i
9.0 !

| 12.0. 21.0
1.5 lz 0d

3.5 4

_3.0 .l 4.5
0.5 d IO 75 d

6.0

. .87.0
1.0 d

4.5 4

e (mm) +15.0

3.5 d

[

‘The qecond test series merely served to determlne the
crushing strength by fallure For dlfferent edge dlstances e
parallel to the pa1l, Figure 54 A°:basie'we used & constanfi
plate thlckness‘ s'= 1.5 mm and a conotant edge distance

=17 mm = apprbxiﬁateiy 2.8 4. We chose plate thickness b
‘because we found éftef coﬁeludinglthe'first test series that no
higher crushing etrength could be obtaihed for plates s =1 mm

or over, and that the difference in strengtn was slight. The
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selection of a conical edge distance r, whose c¢ffect had not
been explained for different =, was made in support of a
series of tests made at the M&nchen, Karlsruhe énd Dresden

.~ technical high schools, which showed no appreciable increase in
crushing strength for any T greater than r =~ 3.0 d. For
the rest, the dimensions of the set-up, diametcr of riﬁet hole
and bolts were thc same as in the prceceding test series. The
elongatidn tests were eliminétcd in this and in the next series;
the 1oad'was applied progressively until rupture.

In this as well as in the subsequent testsc we dispensed
with clamping two plate spéoimens into the device at once; onc
‘plato of duralumin was used to determine the wushing strongth,
while the other of steel mercly served for clamping in tie upper
holder of the testing machinc.

3. Test series

Dimensions:

s = constant = 1.5 mm,

e = constant = 15 mu = 2.5 4,

T = verying from 0.5 d to 3.5 d = 3.0 to 21.0 mm,

i.c., according to Table XXVIII.

TABLE XXVIII

Dimensions of test specimens for series III

4.5 .0 9.0

| ,
l 6 I 18.0 21.0
0.75d(1.04]1.5 4

r (mm) 5.0
2.54 !3.0d4(3.54
d

I 3.0
0.5 a

3
2.0

Like the sccond, the third scries ssrved to detormine the

crushing strength by failure plotted against cdge distance T
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perpendicular to the direction of pull by constant plate thickness
s = 1.5 mm and constant edge distance e = 15 mm = 2.5 d (Fig.
v5). .The third series was tested under the same conditions.

It was altready becoming ev1den+ in the first and in the
seconad test that the most hlghly stressed portion of the hole,
Just before reachlng the ultlmate stress suffered strange
deformations and thickening at this p01nt and it was feared that
the small distances between plates and flSh Dlates would form a

‘support o; the thlcker compressea Dart partly_through the fish
plate walls and partly through the ensulng strong friction which
would falsify tne actual crushlnc strenath figures. For that
Teason We out out on some spe01mens the parts of the fish plates
Wthh 11ght poss1bly become a support for the plates, so as to
give this thlokenlné of the nlaue free room. However these
precautions were unwarranied, for there was practically no

difference in the crushing strength figures. .

_TestvDeta;';
1. Test series

The stress—-straln measureﬁehts dﬁtthe Belted joints have
been reproduced in Figures 96 to 102. They show the strains
plotted agalnst the specific crushing strength for the 1nd1v1d—
© ual load stages. It w111 be seen that any dlrect determination
T;of spreadlng in. the holes is 1mposs1ble in duralumin from the
behavior of the stress—strain curve (no distinct bend) because
sudden jumps occur only-in the rarest ceses,'and no approximately

determined proportionality exists between stress, elongation and

deformation. This checks with the characteristic of the dural-
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umin NﬂlCh has no visibly dis tlnut limit of yield or proportion-
ality. '

Consequently it was unncceééary to define that condition of
the riveted joint as limit .of safe étress due to hole cdges, at
which greater permanént.and less regular hole deformations bccur,
- for 1t is 1mpoo%ib1u o’ defwno one dlotlnct p01nt on the 17hole

strosu—etraln curve.,

ABLb XKIX
Grushlng qtronoth by failure - GLBr-f(iﬁ-kg/mmz) for various
plate'ihicknosses s (in mm) by .- -and T -= constent. (¢ =

edgefdistancé parallel: to strein.) (r = éﬁgc distance perpéﬁ;

dicular to strain.)

Specimen | Mcan plate . fAfca~of  -~ Crushing Crushing "
thickneos hole - otrbngth strength
8 fj=s 6.0 by Pv{'
: - faléure O1pp= o
. . 2 .. l -él..,.
mm _ mm kg kg /mm®
26.1; 36.2 0.315 - 1.89 125.0 66.2 ..
87.1; 87.2 0.310 - 1.86 120,0 64.5 ..
Average 0. 319' - -— - 85.4
1.1; -%.2 0.530 - 3.18 285.0 89.6- .
2.1;°.3.3 0.535 3.21 258.0 .80.5. .
o 3.1;7 3.3 . .0.B35.. .. 3.21 - - 379.0 - 87v0
4.1; 4.3 0.535 . 3.21 265.0 82.6 " -
Average 0.535 - —— .84.9
28.1; 28.2 0.800 4,80 © 437.0 91.0
29.1; 239.2 0.780 | - 4,68 - 404.0 86.3
Average 0.790 P - S 88.6



- 13

. N.A.C.A. Technical Memorandum No. 5898

TABLE XXIX (Cont.)

Specimen | Mean piate Aréahof Crushing Crushing

thickness hole strength strength

s by P

' : fz= 8 8.0) railure o = b

Pl LBr fl
mm mm > . kg kg /mm >
6.1; 6.3 1.115 6.70 790.0 118.0
7.1; 7.2 1.110 . .. B.66 830.0 124.5
8.1; 8.3 1.110 ' 6.66 800.0 120.0
9.1; 9.3 1.120 6.73 . 1. 840.0 ; 125.0
10.1; 10.2 1.110 6.66 1 830.0 125.0
Average 1.115 — -  122.5
11.1; 11.3 1.520 9.13 1100.0 121.0
13.1; 13.23 1.515 9.10 1090.0 -120.0
14,1; 14.23 1.515 » .10 .| 1090.0 120.0
15.1; 15:2 1,515 9.10 1080.0 119.0
Average 1.520 - _— 120.0
16.1; 16.2 . 1.920 11.52 1420.0 " 123.5
18.1; 18.2 . 1.830 11.80 1370.0 118.0
19.1; 12.2 1.940 11.65 1440.0 123.5
Average | 1.930 - - 121.6
30.1; 30.2 2.480 - 14.88 1810.0 |  1233.0
31.1; 31.23 2.480 14.88 1675.0 1 112.0
Average 2.480 - — 117.0
33.1; 33.3 3.000 18.00 2050.0 114.0
34.1; 34.23 3.000 18.00 2010.0 112.0
Average "3.000 - ' - ; 113.0

These questions will be discussed in a later chapter.
Table XXIX shoﬁs the crushing pressure by failure, and the

crushing strength © . (in kg/mmg) by failure, with consider-

LB
ation of the cross section of the hole walls in the initial
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state. The result is the averages for I by different plate

thicknesses 8, shown in Table XXX.

TABLE XXX
Mean values for crﬁshing strength by failure, relative to plate

thickness s.

Plate | nmm {6:312 0.535! 0.79]1.115| 1.52|1.93| 2.48]3.00
thiCl’;— yﬂulti"'j T g g
ness ‘pln 0.054!~0.08(0.133]0.188 |~0.85[{0.32]0.415!0.5
g . < B S SR B R RPN
of l :

Crushing i
strength 65.4! 84.9| 88.6[122.5|130.0{131.6/117.0|113.0
by failure .
gLBr (kg/mm ®) RESEEN SR A

For any thickness s < 1.0 mm, all .0 values increase

LBr
with the plate thickness.  The maximum - Oyg. = 130 Vg /mu ®

is rcached by s = 1.1 ma (approximately) plate thickness,
for thicknesses up to s = & min - the OLEr remained practically
the same. The slight variations for a ccertain plate thickness
arc due to the fact that the quelity of 'the material is not
always the same. The somaewhat lower crushing strength of plates
of over 2 mm is perhaps duc to the fact that heavier plates
arc not always as cvenly rolled as thinner shects.

The results of'thgée tests arc graphed in Figurc 103, with
the GLBr plotted against plate thickness 8. The sprecad of
the GLBr valucs for the lowor thicknesses was due to the fact

that we used duralumin plaites of different hardness (1/3 and 1).

The low crushing strength by feilure OLBr in thin plates
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below 1 mm is solely due to tne fact that by this kind of damping
of the plaues the local coapre581on strength of the hole walls is
greatly reduced by the bulging of the highly stressed plate edges.
They appear as well defined’wave-iike, elliptical bulges on the
plate edges, beginning at the edge of the hole and spreading
outward. This wavy bulging is a characteristic of the lower
plate tthhﬁeSSGS, and dlsapyears aftcrwmrd 1ﬁ thlck esses of
mo¥e than l mm.i Flvures 104, a to h, breaks 11 Dlates to
determ1ne crusnlng pressure - ten31le strength for dlfferent
plate tnlcknesses; 'sh0W1ng wave-like rldges at hole edges.
DiréCtiy'béfOre'bfédﬁiﬂg”thESé iidges pile up and crumble. Iﬁ
all.thicknesses 8 3'1.0 mm.(d fO-h) crushing pressure - tensile
strength remains nearly-constant. 'The breaks are clean crushing
failures; holes continue to enlarge up to failure, Figure 105
shows the failures of some plates of 411 thicknesses tested, the
wave~like bulges of ‘the lower plates being particularly notice-
eble in Figures 104, a to ¢. The question of hole deformation
preceding failure and the amount of deformation will be
diseussed later.: |
‘2. Test series

Table XXXI shows the crushing pressure by failure and the
specific crushing stréngth by failure O np Dased upon the
nominal‘cfoss section of the hLole area.

By constant plate thickness s (8 = 1.5 mm) and constant
edge distance r (r = 17 mm) according to Table XXXI1, the mean

values ‘for OLB by different edge distance e, are:
Br
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TABLE XXX
Crushing strength by failure 0o (kg/mm®) for different
edge distances e with r and s = constant.
Specimen | Mean plate | Edge distance Hole Crushing | Crushing
thickness surface | pressure | strength
fl= s d by Pl
8 e T = 6 g failure | Oqp,~ g~;
Py
rame mm mm 2 kg kg /mm?
40 1.52 3.1 | 16.85 9.12 | 394 43.2
41 1.52 3.1 |-17.00 9.13 380 41.6
42 1.51 3.1 17.00 9.06 408 45.0
43 1.8235 3.0 16.95 9.15 . 397 43,4
44 +1.53 3.0 {.16.95 9.12 . 392 432.9
Average 1.52 3.06 | 16.95 - — 43.3
21 1.50 4.4 17.00 9.00 477 52.8
92 1.50 4.5 | 17.05 9.00 496 '55.0
93 1.51 4.4 16.90 9.086 490 54.1
94 1.49 4.4 |-17.00 8.94 473 52.8
95 1.51 4,5 |-17.00 9.06 490 54.0
Average 1.50 4.55{.17.00 _— _— 53,7
45 1.52 6.0 16.80 9.323 - -
46 1.50 6.0 | 16.85 9.00 8023 66.8
47 1.850 6.0 | 16.95 9.00 590 85.5
48 1.51 5.9 16.85 9.08 - 586 64.6
49 1.52 6.0 |16.90 9.13 ~ 608 66.5
Average 1.51 6.0 | 18.90 - -= 65.7
50 1.51 8.9 | 17.20 -9.086 . 790 - 87.0
51 1.51 . 8.9 | 16.95 9.08 797 _ - 88.0
55 1.52 8.7 16.90 9.13 778 85.0
53 "1.52 9.0 | 17.00 9.(53 796 88.0
b4 1.52 8.9 16.95 9.5 808 9.0
hveraze 1.8% 8.9 | 17.00 - - 87.4
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TABLE XXXI (Cont.)

Specimen n’ear plate| Edge distance Hole Crushing | Crushing
thickness - surface |pressure | strength
o . f1.= s d oy P
s A e T -6 & fa_llure GLBr: -
. Py ©
Camo | oam - ram m? | kg kg /r?
55 |- 1.81  |12.0 16.95 g.08 G47 104,0
56 1.51 11.9 17.00 5.06 954 - 105.5
- 57 ~1.51 11.9 17.00 9.08 951 105.0
-’58 . | 1.51  |iz2.0 16.90 9.08 °| 953 105.3
59 1.49 11.9 17.00 8.94 931 104.0
Average | 1.51 ! -111.95 | 17.00 | . —— | - 104.8
80 1.82 © |14.7 :f 17.00 | 9.12 | 1054 115.8
61 1.51 ¢ .|14.9 | 17.05 | 9.06 | 1048 116.0
62 - |- 1.51 14.7 | 17.05 | - 9.08 1051 116.3
63 1.51 - |15, 17.05. 9.058 .| 1070 118.0
64 1.50 - {14.9 ! 17,05 9.00 - | 1060 117.5
| Averaze 1.51 - -{14.85 | .17.05 |  —— . 118.7
85 1.52 7 '|21,0 | 18.95 L 9.13 | 1178 1239.0
66 1.51 - {20.9 16.80f 9.06 .| 1020 113.6
67 . 1.51 . {21.8 |.18.75 7 9.08 | 1043 | 115.2
€8 1.51 . .[20.9 | .18.80 | 9.03 | 1028 11.3.5
69 1.515 21.1 158.95 .9.09 1048 | 115.7
Average 1.510 1.1 | .16.85 . — — 117.8
70 1.49 27.0 | 17.00 < 8.94 |-1016 113.8
71 1.49 27.0 17.00 8.94 11041 118.5
72 1.51 27.0 15.80 9.06 1018 112.4
73 1.51 27.0 16.380 9.06 | 1045” '115.3
74 1.50 25.9 17.00 | . 9.09 | - -
Average 1.50 27.0 18.90 . — .- ~114.5
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TABLE XXXII
Hean value of crushing strength by failure relative to

edge distence e. » : T

Tige in tm  |3.06 | 4.45[6.0| 8.9 ]11.95 | 14.85 | 31.1 | 27.0

distance|in mmulti- N . o
ples of __~O;5  ~0.75 1{0 f1.5 _~2.0 ~3.5 ~5.5 4.5

Crushing strength
by failure o
v LBr y

kg /mia® _48.3 53.765.7|87.4(104.8 |116.7 |117.3[114.5

T

The results’ of tqe wéasurenezts are shown in graph, Figure
106, with O1Br - plottud agalnst e,; The Oi?r curve is
alunost straight w;th;n € = 0.5 - 23.54d for gruater dlstance of
e. 3egii 1qc at é = ~ 2 5 d wnd b°j0nd the curve Tuns prac-
i = LBr
= “bouo llo kg/ln ﬁor all e. “W;ﬁg}n > 2.5 a 1t is oonstant.
By sma}ler edge disténcé it drppé; dﬁp to‘tne exhaustion of |
shearing stress in S é until rupturé‘and'éhear of reépecfi%e hole
edgé: A A : : :
Fi gure 107 shows somémégnfﬁcncheie terlstlc platn fallures
for dlIferuuu edob dlstQPCun{ In holes clo se to the plate edge,
(& to e in Fig. 107) the br“ak appears a8 unoota sbeurlpg off
while for these with the‘hdie fartner“;rom the edge (g-to h in

Fig. 107) the break continucs as outward cracks, running ot 45

to the direction of the tension. In the specimens with hole

=

close to the edge, the bulges around the hole were plainly

visivle, tut not on those with holes farther away from the edges.
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If e =3 d the tensile strength decreases because the shearing

stress on s e is exhausted. If e > 2 d specimens show usual

* _"breaks, the tensile strength‘of the plates “is nearly constant.
a;;Edgehdlstance e = 3.0 m= 0.5 d
b). Edge distance.e = ..4,5.mm = .0.75 d
c) Edge distance e = 6,0 mm = 1.0 d
d) Edge distance e = 9.0 mm = 1,5 4
e) Edge distangce €'=:13.0mn = 3,0 4
f) Edge distance-e =-31,0 ma = 3,5 d
g) Edge distance e =.3l.0 mm = 3,5 d
h) Edge distance e = 37.0 mm = 4.5 4

In plates with e < 3. O'd,“ the break occurrea as smooth
shear¢ng off of the pa;t below the bolt. HoWever, 1t would be~
mlsleadlng to speak here of exhaustlon of the crushing strengfh,
due to failureuef.the bearing eepacity of the hole walls. The
plete”seetioﬁ ﬁﬂéef:crushing strees :f, hls 1n addition st“essed
in. shear in éééfioﬁ (s e'), Whlch in all cases Where e < 2 d,

is perhaps the de01d1ng factor of the plate strength (Fig. 108).

P C
v?or tqls snear stress A S Br = E—%%—g (kg/mme), the equation

3Br = 3 e‘ s GS Br is velld Whlle ‘in machine construotlon et
is generallv (e + d/B) we use et = (e -+ d/4) (e + 1.5 mm)

Accordlng to Taole XXXIII We now have':
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TABLE XXXIII
Shearing strength of hole edge zone in direction of tearing.
Specimen | Plate | Edge | s e! Ultimate | Py /3 | Shearing
{See ta- | thick- : load strength
ble 33,) ness e! P by
5 Br failure
o 1
S Br
mm mm i 2 kg kg kg/mn?
40 1,52 4,6 6.9238 334 197 28.2
93 1.51 5.9 8.91 430 245 37.5
47 1.50 7.5 11.25 - 590 295 26.3
49 1.52 705 | 11.40 608 304 26.6
o1 1.21 10.4 15.70 797 398,.5 25,5
o4 1.51 10. 4 15.70 308 404 35.7

The calculated GS‘Br values,ag ge with the values of

shear strength

Y

OsBr

of ‘duralumin rivets (

o
SBr

the

= .28-28 kz/mm®)

and suvstantiate the above assumption that .the shearing stress

in the cross section area (s.e!) by e <.2.0 d is always

exhausted to failure under the present streases.
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- TABLE XXXIV

Crushing strength by failure o kg/mr® for various edge

LBr
distances, r perpendicular to the direction of pull, with

q

e and s = constant.

Specimen | Mean | Edge | Edge | Hole [:Crushing | Crushing

: plate s o | area | by -y strength
thick-| ‘e T f;=- |failure | - Dby

ness-- | - | 6.0~8 Py | failure =

s o : o o _ P
mt | mm - mm mm2. | kg kg/mm2

75 ~ ] 1.81 {15.0° | 3.00| 9.06- | 7 392 43,2
75 a 1.515 | 15.1 3.00 | 9.09 | 384 42.2
76 0 1.51 | 14.9 | 3,00 '9.08: | - 378 41.8
76 a 1.515 |15.1 3,00 | 9,09 386 42,4
(al4 1.50 |15.0 -]:-3.00:| 3.00 | - 389 41.0
77 a 1.505 | 14.9 3,00 | 8.03 373 41.3
78 1.50 |14.9 | 3,00 | 9.00 . 083 . 43,6
78 a 1.515 | 18.1 3,00 | 9.09 395 43.5
79 1.50° | 14,8 | 3.00(9.00 | 377 41.8
Average 1.508 |15.0 3.00 — - 43,4
80 : 1.50 |15.0 4.50 | 9.00 568 3.0
8l 1.51 15.0 4,50 | 9.06 270 . 53.0
81l a 1.52 |15.0 4£.50 | 9,13 581 61l.6
823 1.51 15.3 4.50 | 8.06" 568 63,7
82 a 1.52 |18.1 4,50 | 9.13 581 61.6
83 1.51 18.1 4,50 | 9.03 o270 63.0
83 a 1.515 |15.0 4,50 | 9.09 570 63.5
84 1.51 |14.9 4,50 { 9.06 565 62.4
Average 1.51 15.05 .20 — — 62.4
86 1.51 |15.1 6.00 | 9.06 780 86.0
86 a 1.585 | 15.0 6.00 | 9.15 741 81.0
87 1.51 |14.9 5,95 | 9,08 741 81.8
87 a 1.52 |15.2 5.90 | 9.12 733 80.4
88 1.91 12.0 6.00 | 9.056 743 81l.8
88 a 1.8525% | 15,0 6.00 | 9.15 747 81l.5
89 1.49 15.3 6.00 | 8.94 737 82.3
90 1.51 |15.23 6.00 | 9.08 747 83:5
Average 1.515 |15.1 6.00 — e 82.0
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TABLE XXXIV (Cont.)
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Specimen | Mean Edge Edge Eole Crushing Crushing
plate area by gtrength
thick- e T fl= -1 failure by
ness 6.0 s Py failure =
B < PL

f
mm rEn . mm > kg kg}mmz
. 101 1.50 14.8 | 9.Q0: | 2.Q0 243 104.3

101 a 1.52 15.1 9.00: 9.123 961 105.2

103 1.50 - 14.9 9,00. | 9.Q0" 97Q/982 102.1

102 4 1.5 15.0 | 9.QC: 9.123 934 102.3

103 1.50 -15,0 | 2.Q0 . | 9.00 965 107,323

103 a 1.5 15,0 | 9,00 | 9,12 940 103.0

‘119 1.50 15,04 .9.60 | 9.00 903 100.3

130 1.50 15.0 9.00 9.00 8923 99.1

Average 1.510 15.0 9,00 - — - 103.5

104 1.50 15,1 | 12.00° | 9.00 ~.1006 111.3

105 1.50 15,1 {11.95 9.00 1009 111.2

106 1.51- - 15.0 | 13,00 9.06 .| . 996 100.7

106 a 1.58 12.0 113,00 .13 2923 108.8

107 1.51 ~14.9 | 12405. |. 9.08. 291 110.1

107 a 1.53 15,0 { 11,85 9.18 9923 108.1

108 1.51 15.1 | 12.00 9,06 990 110.0

108 a 1.535 15,0 | 11.98 9.15 1021 111.5

Average 1.51 15.0 {"12.00 -= — 110.0

96 1.51 15.1 | 14.90 9.08 295 109.5
97 1.82 15.2 | 15.00 9.12 987 1108.0
98 1.51 15.2 { 15,00 I 9.08 981 108.0
29 1.51 15.0- 14.90 9.08 986 109.0

100 1.51 15.0 | 14,90 | 38.03 1017 113:5

Average 1.51 "15.0("14.95 _ _ 109.4

109 1.31 .-15.0 .1 17,90 9.06 | 947 104.5

110 1.51 -14,9-117.80 9.0% - 1038 114.5

111 1.50 15.0 | 18.00 2.00 910 100.5

112 1.51 " 15.17718.00 9.05 923 102.0

113 1.50 15.0.1 18.00 9.00 904 100.5

Average .51 15.0 { 18,00 — — 104.4
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TABLE XXXIV (Cont.)

Specimen | iean Edge - | Edge Hole Crushing | Crushing
plate : ' area by v | strength
thick- e T 1= failure by
ness 5.0 s Py failure =

s P 1
3
mm | mm rm mm ° kg kg /am

114 - 1.50 5.1 20.95 2.00 953 105.9

115 1.49 15.0 20,90 8.94 940 105.0

116 1 1.48 15,0 20.95 8,94 888 98.6

117 1.50 15.0 20.95 9.00 890 98,8

118 1.49 15.1 31.00 8.94 879 98.23

Average 1.495 | 15.1 20495 — —— 101.3

3

From the crushing pressure by failure, the specific

Test series

crushing strength at feilure G 5. has been computed for the

nominal hole cross section (Table 35).

dimensions and constant plate thickness s

=lo

ey . o
5 min)

From thb_selected

and

edge distance e(e = 3.5 d = 15 mm) depending on the different

r (according to Table 35) the following mean crushing strength

b .‘l . .
v fa; ure OLEr

was determined.

TABLE XXXV

llean crushing strength by failure rélative to r.

Edge distance| in mm | 3.0 4.5 |6.0 .} 9.0 {18.0 | 158.0 {18.0 |21.C
e in melo ' ' ‘
tiples 0.5 0.7511.0 1.5 2.0 2.5 ) 3,0 3e.E
. . of ' '
Crushing strengtn by
fallu;e OLBI " : '
kg /mia? 43.2 | 62,4 (82.0/103.5({110.0!109.4]104,4{101.2
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The results are shovn in Figure 109 with the o157 .values
plotted against -r. As in Figure 108,: they increase with
increasing r Wwithin r = 0.5 - 2.0 d; Dbeginning ai rZ 2.0d
the crushing strength practically remains the.same, the maximun
is reached at about o___ .= 110 kg/wmx°.

LBr

The drop in-the curve for. .¢-=:3.0 d and over,.is certainly
caused only by the different qualities in the materials. Figure
110 shows the breaks on diiferent specimens for different edge.
distances ‘T as comparison. -In this series the break for
e (e < 1.5.4) occurred as a tear in height of -the rivet hole,
i.e., 'on theuweakestucross“sgqtion,stressedgiq tension, so that
the teering strength of thig cross section end not the crushing
streangth of the hole wall is the deciding factor for all small
edge cdistances r.:

For the tearing stress of this cross section. (Fig. 111)

(b - d) s the following formula is valid:
P=A(b-d) o, =237Ts g =_P2 (ke/ma®)

Z Z 2 T 8
CTABLE XXXVI | .

Tearing strength of plate section weakenhed by rivet hole.

Specimen | Plate Edge . . .iUltimapte | Tearing
* | " thick- | distance| . | %  ‘jload = “strength
ness . N | by failure
8 T a T 3T 8 PBr c 7Er
7m i mr mm? | kg . kg/am®
75 a 1.51°F 3.0 - 8.0 | 9.09 384 42,2
78 a 1.515 "' 3.0 " 6.0 9.09 | 395 h 43,4
82 a 1.58 | 4.5 9.0 112,88 | s81 . |. 41.0
83 a 11.523 4,5 7] 9.0 | 13,883 L2707 41.6
87 a 1.52 5.9  |11.8 |17.94 | 735 40.8
88 a 1.53 8.0 " |12.0 [17.36 | 747 |  43.0 .
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The calculated 62$r -ag?ee very closely with the GZBI

values = 41.5 - 43.5 kg/mm?) for the duralumin plates -

(C%Br
(alloy 681 B 1/3) ‘and affirm the statement that the tensile
strength of thé cToss section Weakened by the rivet hole is
already exhausted before reaching the SuIe ‘crushing strength,
Beyond the zone of elastic’deformatidhjvﬁhe previously uneven
stresé”diéfribution over the cross seéction is coripletely bal-
anced up to the appeafanoe of the btreak, so that the stress may
be assuiied as-unifdrmly”distfibutéd over the-whole cross section,
as 'is borne out by thé magnitude of the O or values.

Foppl, 'in his "Drang und Zwang,' Vol.l, p. 318, ‘already .
referred to this apparent paradox, but there is nothing to -
oontradict‘the.facfé'givéﬁ nére, bécause in our.case it is
31nply a matter of permanent for:m changes, while Preuss!
experinents dealt with elastic form changes which are governed
by Hooke's law,

Th, Wyss* likeWise poénts“tg“the?possibility of almost
complete stress compensation dffa drilied tension plate along
the naTrOJvSu cross. ScCthﬂ weaﬁcnci oy a rivet hole, and nc
also uses PLeuss"and Heyman's experiments for comparison. Wyss
elucidates this behavior on a:fish plate nead stressed by a
Ii&et shank, '

In the cross section 'T + I . (Fig. 112) there is a

possibility :of progressing stress cosmensation under higher

A

“'.'
' -

*Th. Wyes, "Die Kraftlinied in festen elastischen: Kpr pern, '
Verlag Julius Springer, Berlin 1926.
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stresses. Within the limit of elastic deformation, the normal
stress distribution for r - T and o - o is as shown in Figure

113, (tests of Rubl and Coker*)., Type and amount of the normal
N - c - d

stress dlstrlbutlon nlnges notably on the dimensions of

and b - % (Flg. 113) So; for example,-tﬁe'strees distribution
. - c -~ d

Fal

for T -1 and 0 - o 1s mach more favorable when

and
b -'% are of larger dlmen81ons.’ Afte;‘exceedingfthe yield
point by small d and large -g;g—g, fof instance the tension
lines are not qulte as strongly Iorced to tear outward

MOLeover w1th the Sllbht bunchlng of the lines of force
and tne slall stress increases a81d8 from the corlespoadlnvly
high stresses at the hole edge the 11nes of force and the
stresaes show a steady tendency to conpensate.' As a result the
stress dlstrlbutlon (Fig. 113) OI sectlon r ; T becomes more
and more rectangular (see dotted 11ne) |

For cross section o — & We find at larger ( —-%) that the
funicular stress curves can tear toward the upper edge, and
accordingly, advance toward the outér side wells. -This likewise
results in a more‘favorable Stress distribution for this section.
By small b - % (= 14 mn) (Fige. 114 and 115, - edge secticn 0o - 0),
the tension stresses are enormous in the:centcr (When approaching'
the yield point), while the corners show.a compression zone.:

By large b — & (< 40 mn) (Figs. 114 and’ 115, edge ‘séction N - I),

the stresses at ‘the upper edge are pure tension, which vanish

*E. G. Coker, "The distribution of stress due to a Tivet in a
plate." ZEngineering 1913. I, p. 440.
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toward the ééfners.

With regard to the extent of ‘the. 1oca11y restrained com-
pression zone at the plate edge due to 1oc@11y Oﬁflﬂod Cov—
préssion stresses (See Fig. 112), Wyss 901nus to Ruhl's €X—
perimeﬁts ahd'states that the féxaggc. of this zone, (called
"compression core' by ﬁyss; and “éompre sion wedge" by Gehler, )
depends on the 1nten31°§ of;thé existing crushing pressure.
Thus; a11 uen81on 1ines 1nter°ect1;g this compression wedge
(See Fig. ii6)xshow a bart which is under compression. Wyss
remarked thaﬁhﬁhé éonception‘of funicular effect is no longer‘
justified for these internal lines of force intersecting the
zone of compression. The indirect tension éfféét, caused by
the funicular lides, has a marked influence on the size of the

enlargenent in the compression zone.

Enlargement of Rivet Holes‘
On¢ outstanding fact of all our tests is the enlarged holes
vy failure, which we measured up to 1/10 ma accuracy in the di-
rection of the stress. The enlafgeméht amounted to approximately
1.0 - 4.0 mm, or from 15 to 70% of the original hole diameter
d (= S.Q m@).a This applies to speolnc"D loaded:to destruction

and Whlch shoved slignt tears as well as those which failed to

show any signs of tearlnc When suressed on;v to the first load

‘decrease, ‘These figures have been 001011°d in Table XXXVII and

are for thé specimens of the first test series.' (See also Figs.

104, 105.)
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. TABLE XXXVII

Enlargement of rivet holes at veginning of break.
g veL | 2 : .

Plate thickness Original hole diameter Enlargement
S " d Ad

i A wm e % d

0.3 85.5

30.0

45.0

4.0 -
4.1 | 68.5
- 1.8
0.5 2.7

oM oM
o -] o .
oNe) o+

0.8 58.5

)
°
o

44,0
58.5
64.0.
96.0
52,0

1.0

° 9 0 -0 L
L

50.5
63.0
60.0
99.0

¢ o 6 o
(] * o L]

55.0
338.5
44,5
- 45.0
54.0
22.0

DV G| LI | I dd |

2,0

o ] L] [ .
L]

21.2
28.0
233.0

DA | DORNOD]| POD® | DO M

38.5
43,5

[ ]
* 0

°
= e VAR AR e o JVA R o o EN S SNI N e ) Ro e <O =] Wik OOr-a{ um
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27.5
15.0
13.0
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.
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Sy

The values for the second and third test series were about
the same as in the abovgltable for s = 1.5 mm plate thicknesses.
Perpendicular to the direction of the stress the original hole
diametecr is sllg tly recduced, as we noted when tf&iﬁg to Treneve
the wedged-in bolts.

Anoﬁher surprise wes the pronounced deforimation and thick~
eniﬁg of the hole wa alls beloU thp nele ed*e WObt heav1lv stresced
by the 1‘oav of the rlvet It appeers in the form of a bulgg or
ridge, (Fig. 117) which is particularly pronounced at the hole
edge ond tapers off toward the sides. This bulge increases the
cross seotlon of the hole area materially and conoequently lovwers
the specific crushing pressure. Although this cross—sectional
enlargemént is not to be considered theoretically, it neverthe—
less shéuid prove of interest to define the amount of maximun
bulge Ww by failure for the different plate thicknesses s.

(See 1. test series and table 38.)

TABLE XXXVIII

. Thickness of

Plate thickness s (mm) 2.0 {2.5(3.04.0

o @

.3 10,5 (0.8 |1
1

.
'~ O

-

9]

(92}

w  (mm)

Translation by J. Vanier,
Hational Advisory Com.lttee
for Acronautics
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Figs.96—102 Elongation 6 plotted against crushing pressure.Curves show no
distinct bend.No expressed beginning of bresk down in hole.

‘Characteristic of duralumin. .
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Figs.102,103
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Fig.104a Plate thickness,
s=0.3 me

Fig.104b Plate thickness,
S:O -4 mm
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Fig.1l04d Plate thickness,s=1.C mm

Figs. 104c,1044
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Fig.104f Plate thiockness,s=3.C mm




Fig.1l04g Plate thickness,
8=206 mm

Fig.104h Plate

thickness,8=3.0 mm
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Fig.105 Crushing pressure—ultimﬁté 81
thickness s.Top row s=0.3;0.
Bottom row 8=1.5;3.

Fig.107 Patterns showing crushing pressure-tensile strength
for varioue edge distances in direction of stress.

Fig.110 Breaks showing crushing pressure-tensile strength
for r perpendicular to direction of stress.
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