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FOREWORD

The work reported herein was performed under joint sponsor-
ship by the Air Force Office of Scientific Research, Bolling AFB,
D. C., 20332 and the Air Force Armament Laboratory, Eglin AFB, FL
32542, under grant number AFOSR 76-3157. Mr. William J. Walker,
AFOSR/NA, was the Air Force Program Manager.

The results described in this final scientific report summarize
the technical effort accomplished in the period from October 1, 1976
through September 30, 1877. |

The work was performed by the University of Florida Graduate
Engineering Center, Eglin AFB, FL 32542 and the Engineering Science
Department, University of Florida, Gainesville, FL 32611. Univer-
sity of Florida personnel who contributed to this study were C. A.
Ross, R. L. Sierakowski and J. W. Hoover. Grateful acknowledgement
is made to W. S. Strickland, AFATL/DLYV, Eglin AFB, FL 32542, for

his technical assistance and cooperation in the full scale tests.
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SECTION 1

INTRODUCTION

The principal requirement of any structural component
when used in a complex structural system is to insure that
the structural configuration remain intact when subjected to
the static and dynamic design loads. This necessitates an
understanding of the load transfer mé&haniam between and with-
in structural components, and more importantly the load transfer
mechanisms at the attachment points betweeh adjacent components.
In order to identify attachment or joining techniques, two very
broad classes can be inferred as being either of the bonded and/
or mechanical joint types. To differentiate between these two
classes, the mechanical joints will be defined herein as those
requiring a cutout or hole in the parent material for placement
of the fastener. The absence of this removed material reduces
the potential useful component strength below that of the tested
ultimate strength of the material. In addition the very nature
of the type of loading is found to play an important role in
characterizing the observed resultant attachment fracture.
Fracture in this case and as used in this stuvdy is defined as
actual material rupture or seperation of one part of the attach-
ment from the other. |

The general falrication schemes of aerospace vehicles re-

quires the use of varicue attachment types particularly in




semi-monocoque construction. In the present investigation,
primary attention has been focused on one attachment type,

that of mechanical riveted connections found typically in sheet-
stiffener combinations of semi-monocoque structures. To examine
previous work on this subject, an extensive literature review
was conducted which included literature searches of DOD files,
NASA files, open literature and in progress research by Eglin
AFB Technical Library, North Carolina State Science and Tech-
nology Research Center, Naval Research Laboratory Shock and
Vibration Information Center. These literature searches have
revealed that little if any information exists on failure
mechanics of dynamically loaded riveted joint assemblies. In
view of this paucity of information, the present investigative
approach has been to initiate a study into establishing qualita-
tively mechanisms of fracture for dynamically loaded riveted
joint assemblies and to deteri.ine dynamic load factors based on
measured strains at near field and far field positions relative
to the rivets. To obtain this information, a series of experi-
ments were conducted on various sheet-rivet combinations and
struts containing a single hole, using a drop weight device.

In additon full scale blast loaded instrumented panels were
tested in cooperation with the VSAF Armament Laboratery, Eglin

AFB, Florida.




The experimental tests and results zare described and
discussed in detail in Section II. A detailed plate analysis
and test results as obtained in the full scale tests are given
in Section III, with conclusions and recommendations for further

study given in Section IV.




SECTION IL
EXPERIMENTAL TESTS AND DISCUSSION

2.1 INTRODUCTION

Several variations of a drop weight test using the device
shown in Figure No. 1 were conducted using both simple sheet
and riveted specimens containing a central circular hole or
rivet. The material used for all test specimens was 2024-T3 alumi~
num alloy sheet. All rivets used in the fabrication of these
specimens were made from 2117-T4 aluminum élloy material. Both
Baldwin Lima Hamilton (BLH) and Micro-Measurements (MM) resistance
foil strain gages were used in these tests.

In additon to the laboratory tests above, a series of full
scale field tests were conduc.ed in cooperation with the USAF
Armament Laboratéry. These tests consisted of using 68.5 x 6%2.9 em
2024~T3 aluminum alloy panels riveted along all edges with
various rivet patterns and sizes in order to obtain informetion
on rivet/sheet fracture mechanisms under blast loadings. These
blast loaded panels were instrumented using foil resistance

strain gages as noted above.

2.2 STRUTS WITH CENTRAL HOLE
The influence of static stress concentration factors for an

infinitely wide plate with a circular hole as shown in Figure 2
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has been discussed in detail in such classical elasticity texts

as Tinoshenko (Reference 1) and the general solution is given
graphically in Figure 3. The effect of decreasing specimen width
is to cause an increase in the maximum static stress concentration
factor at the edg= of the hole. However, it has been shown by
Peterson (Reference 2) that for a radius/width (a/w) ratio up

to 0.25 the maximum static stress concentration factor is only
1,0% greater than that for a plate of infinite width, that is,

a/w = 0.

To form a basis for comparison with leter tests, a series of
tests are described in this section which are based upon the
assumption that if dynamic stress concentrations are inherently
different from those found in static loadings then these differ~
ences would be evidenf in strain measurements around a circular
hole in a thin strut when subjected to a dynamic locad. Stress
concentration factors for dynamic loadings have been determined
experimenta’ly by Dally (References 3 and 4) for struts of
birefringent material with central circular holes. The struts
of References 3 and 4 were loaded in a device similar to that
of Figure 1 and fringe patterns using flash photography and photo-
elastic equipment were recorded. Thz results of Dally's ex-
periments show that the dynamic stress concentration factor,
defined in the same fashion as in Figures 2 and 3, was approxi-
mately equal to or slightly less than the static value reported

in Petersen {Reference 2).
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In the present study a series of tests as described above
for birefringent materials were conducted on 2024-T3 aluminum
alloy specimens as shown in Figure 4. High elongation foil re-
sistance strain gages, (type MM EP-08-031AP-120), with a .079 cm
width grid were trimmed as narrow as possible and placed adjacent
to the hole. The positions of gages 2 and 3 relative to the
adjacent hole were determined after gage installation. Strains
were recorded on a multi-channel recorder with the maximum
strains noted for euch gage for analysis purposes. The ratios
of strains in gages 2 and 3 to that of gage 1 were calculated and
the results are plotted in Figure 5. The solid line of Figure §
represents the analytical expression of Reference 1 corrected
for width effect while the open circlee represent ratios deter-
mined from the dynamic drop tests and the solid circles represent
ratios for the same kind of specimen determined from static
tests. The dynamic data represents the results of over 30 tests
using two different size specimens and three different sizes of
drop weights., For basic reference, the strains at gage position
1 are shown as a function of drop height in Figure 6. Static
data was also taken on similar type specimens as tested in tension
in a tensile test machine. The overall results for these tests
show that there appears to be very little difference between the

value c¢f the static stress concentration as compared to the
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dynamic stress concentration, thereby reaffirming the results

of Dally (References 3 and h).

2.3 RIVETED JOINTS

For the riveted jcint assemblies, a series of tests as
shown in Figure 7 and as fabricated according to the specifica-
tions of MIL-STD-1312, were conducted. These tests were conducted
in order to deternine qualitatively rivet/sheet fracture mecha-
nisms and to quantitatively establish stress concentration factors
for single rivet specimens. All the specimens were tested in the
drop weight device as shown in Figure 1.

Classically, static loaded rivet/sheet combinations fail in
the sheet by anyone of ‘the several failure modes as shown in
Figure 8. Irn addition to these sheet fracture modes a rivet
shear fracture is considered to be a major failure mechanism,
Static fracture loads for vrivets can be calculated for protrud-
ing head rivet/sheet combination using the material properties
of the rivet and sheet, however for flush head rivets which are
countersunk or for dimpled sheets the fracture loads must be
determined experimentally and some widely accepted results are
tabulated in Reference 5.

In order to observe rivet fracture on a particular class of

rivets and attachment type and in order to quantify fracture

12,
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loads a series of drop weight tests were performed on counter-

sunk flush head rivets using both single and double shear specimens.
Aluminum alloy 2024-T3 sheet (.063 in (.16 cm) thick) with MS20-
426-AD4 rivets were used to fabricate all specimens tested. The
specimens were instrumented using foil resistance strain gages

as shown in Figure 6, and a drop weight of 2.48 kg with nomiral
dimensions of 3.8 cm diameter by 30.5 cm long containing a 1.27

cm diameter central hole. The loads were successively applied

for these tests, that is, if the first drop height did not |
fracture the specimen, then the next drop height was used until
failure occurred. The initial drop height used was 1 in (2,54 cm)
and increased by increments of 1 in (2.54 om) until fracture
occurred. Rivet shear was always the observed fracture mode for
all tests, however considerable rivet rotation, about an axis

in the plane of the sheet, occurred prior to rivet shear.

| Some typical strain readings, taken for the three gage
positions as shown in Figure 7, are shown in Figure 9. Gen-
eral observations indicated that considerable rivet rotation
and local bending of the sheet takes place before the rivet
fracture. The local bending appears to be more severe in

the immediate vicinity of the rivet and bending appears re-
duced at distances removed from the rivet. This is indicated
by the differences in the gage readings shown by the curves of

Figure 9. Also as the drop height is incrementally increcased

15.
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there is a tendency for the bending to be reduced but further
increase in drop height increases the bending as shown by the
tendency of the curves to become more negative. This phenomenon
occurs in both the single and double lapped joints as evidenced
in Figure 9.

In addition to the flush head rivet tests a series of tests
using button head rivets of the type MS520-430-ADY4 with 2024-T3
aluminum alloy sheet of varying thickness were conducted to
quantify the maximum fracture load as a function of sheet thick-
ness for a constant rivet diameter. Sheet thicknesses of .02§,
.050 and .063 in(.064, .127, .160 com) were used to fabricate
single lap specimens as shown in Figure 7a. Foil resistance
strain gages were applied back to back along the centerline of
one strip of the epecimen, 1.0 in (2.54% em) from rivet center iine
as shown in Figure 7. Initial tests were performed on several
uninstrumented specimens to determine the drop height necessary
to produce fracture using the 12 in (30.48 cm) steel drop weight.
Instrumented specimenc were then tested at the drop height re-
quired to produce fracture and the strains recorded. The maximum
strains and stresses at the drop heights necessary to produce
fracture are listed in Table I.

Tests performed on riveted specimens with both strips of
the specimen of the same thickness such as those in Table I

show symmetrical rotation and bending about a transverre axis

17.
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through the rivet centerline. In practical situations where the
sheet is attached to a stringer(s) or other stiffening members the
thicknesses of both structural elements need not be and generally
are not equal. In order to determine the efiect of such thick-
ness differences between the two strips of the test specimen, a
.063 in (.260 cm) thick strip waa riveted to sheet thicknesses '
of .025, .032, and .040 in (.064, ,081, .102 cm) in the other
strip. Initial tests were performed to determine the drop
height necessary to produce fracture of thece specimen types

and additional tests were conducted on instrumented specimens

at the necessary fracturc drop height using the 12 in (30.48 em)
long steel weight. The same fracture modes as listed previously
in Table I were observed, however ti.e calculated fracture load
in these tests showed a decreasing trend »s the thickness of the
sheet in the second strip was decreased. The complete rasults

of these tests are listed in Table II.

Several other ccimbinations of sheet thicknesses werce tested
using the same drop weight tester. In most all cases the trerds
were the same. For a given rivet diameter as the shec¢t thickness
was increased, which increases bending stiffness, the rivet
fractures in shear. However, rediucing the thickness of either
strip of the spacimen reduces the bending stitffn.ss and rivet/
sheet rotation occurs along with yielding of the sheet under the

bearing load with fracture then occurring by rivet shear or shear

19.
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' tear out of the sheet. As the sheet thickness is further de-
creased a greater drop height is found necessary to produce
failure. This is due to a change in the fracture mode which
requires that considerable energy must be expended to produce
deformation of the sheet before fracture occurs. The higher
drop height in these cases simply means more energy is available
which allows for considerable deformation in the sheet to ocecur.
It was observed that none of the specimens tested using .125 in
(.32 cm) diameter rivets and 1.0 in (2.5% om) wide sheet failed
in tension across the reduced section.

Several full scale panels designed with various sizes of
rivets and rivet patterns were tested in cooperation with the
USAF Armament Laboratory, Eglin AFB. Details of the rivet
patterns and sizes are to be'incorporated in an Air Force
Armament Laboratory Technical Report due to be published.
Briefly the test procedure consisted of taking panels 27 in_ﬁ i
24.75 in (68.5 x 62.87 cm) and riveting these to a picture frame
type mounting assembly .25 in (.64 em) thick. The holder assembly
was then bolted to a test stand fabricated from 1.0 in (2.54 cm)
thick steecl plate. The test stand was then in turn placed at
the end of a fuel air explosive (FAE) chamber described in de-
tail in Refefence 6. The pressure wave from the FAE device was

directed onto the plate with a known reflected pressure magni-

tude as obtained in previous experiments (References 6 and 7).




Aluminum alloy 2024-T3 sheet with thicknesses of .05, .063 and

.10 in (.127, .160, .254 om) were used with MS20-470-AD8, M520-
470-AD6 and MS20-426~AD6 rivets. The flat plates were instru-
mented with strain gages as shown in Pigure 10. A uniform re-
flected pressure of 100 pui (.69 MPa), with exponential decay

in 2 milliseconds, was applied in each test run. Prior to each
test, a uniform static stress in the sheet as required to produce
rivet/sheet fracture was calculated, and used to predict fracture.
In all cases the rivet/sheet combination as predicted to fracture
by the static stress calculation fractured under the dynamic load.
Also, the rivet/sheet fracture mode predicted by the static analyeis
was observed to cause & similar fracture under the dynamic load.
The same fracture modes observed for the 1.0 in (2.54 om) wide
two strip specimens were also observed in the full scale tests.
Tests results obtained for the full scale panels tested along
with the analytical results will be givenvin'the next section.

In an effort to evaluate the dynamic loading capability of
some of the rivets used in the full scale tests, several varia-
tions of single lap two strip specimens were tested. For all
specimans, one primary strip was held constant at .25 in (.64 em)
and three different thicknesses of .05, .083 and .10 in (.127,
+160, .254 om) wera used as the second strip of the specimen.

All sheet materiezl was aluminum alloy 2024-T3 with MS20-426-AD6

rivets used for eact .'pe of specimen. As in the previous cases

22.
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noted, several uninstrumented specimens were first tested to
determince the drop height necessary to produce {racture, Two
instrumented specimens were tested and the strain-time history
recorded. The results of these tests are given in Table III.
The general observation for this set of tests was that for the
thickest secondary strip tested (.1 in) the fracture mode was
rivet shear with little if any noticeable sheet or rivet deforma-
tion. The .063 inch secondary strip specimen failed by rivet
shear, however the drop height required for this fracture was
almost three times that drop height necessary to fracture the .l
inch thick secondary strip specimen. For the thinnest secondary
strip specimen (.06 in) tested using a fracture drop height of
twice that of the .l inch thick secondary strip specimen, the
fracture mechanism occurring was found to be shear tear out.

For the .05 inch secondary strip thick specimen severe rivet

rotation and hole elongation toock place before fracture.

24.
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- SECTION I1I1I
THEORETICAL ANALYSIS OF FULL SCALE TESTS

The stress analyses of the full scale test panels were
accomplished using the computer code DEPROP (Dynamic Elastic
Plastic Response of Panels, Reference 8). This code has an
elastic-plastic option, however for ready use all boundaries !
must be simple, clamped or combinations thereof. There is no
accomodation for variations of stiffness or elasticity at the
boundaries. Analyses of plates as used in the full scale tests
were performed for a symmetrical flat aluminum plate using the
following set of input.
] Material: 2024-T3 aluminum
Elastic modulus: 10.6x106PSI (72.4GPa)
Strain hardening modulus: .147x106PSI (.101GPa)
Plate Sizes: 27x24.75x.1 in (68.58x62.87x%.254 cm) )
27x24.75%.063 in (68.58x62.87x.160 cm)
27x%24.75%.05 in (68.58x62.87x.127 cm)
Loading: Uniformly distributed P = Ppuy(1l-t/t)exp(-at/7t)
100 PSI(.69MPa)

where: Ppay

2.05%10~3gec

T
Boundary conditions: Both clamped all edges and simply
supported all edges cases were evaluated

for the three plate thicknesses.

26.




In keeping with conventional methods of defining boundary
loads in force/unit length, the front and back plate stresses,
normal and one inch from the boundary, were averaged to obtain a
membrane stress and then multiplied by plate thickneas to give a
force/unit length. The load distributions found one inch from
the edge by the theoretical analysis were found to very closely
approximate the load distribution at the edge. Only the normal
stresses were considered as important along the boundary since
the calculated tangential or shearing stresses close to the mid
point of the boundary are negligible in comparison to the normal
stresses. This was also verified experimentally in the full
scale tests with the strain gages aligned parallel to the edge
of the plate.

The strains monitcred one inch from the plate edge were
converted to an equivalent for. ./unit length by using a constitu=~
tive relation for membrane stresses. The analytical results
obtained for both clamped and simple supports and experimental
results for all three plate thicknesses tested are shown in
Figures 11, 12 and 13.

These figures show that the analytically determined boundary
loads for clamped or simply supported plates reach a maximum at
about 0.5 millisecond whereas the maximum experimental value
reaches a maximum at about 1.0 millisecond. The analytical/

experimental differences as noted are assumed to be related to

27,
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differences in the plate boundary stiffness. For stiff boundaries
the stresses tend to build up faster than at less stiff boundaries.
For full scale tests with much stiffer boundaries, such as the
simulated clamped edges of Reference 7 the plates were found to
fail along the edges at about 0.5 millisecond for loads similar to
those of this study. ‘

The stresses calculated analyticaliy based on a fully elamped/
rigid boundary are expected to be even larger than those of the
less stiff boundaries. Harris and Ojalvo (Reference 9) show that
for riveted boundaries, with a given rivet diameter to sheet
thickness, as the ratio of the rivet modulus tc the sheet stiff-
ness decreases the maximup stress at the rivet boundary increases,
In addition changes in sheet and boundary stiffness will produce
additional changes in both the failure and fracture modes.

For the riveted plate boundary using MS20-426-AD6 rivets,
the rivet line consisted of two rows of staggered rivets spaced
equally 1.25 in (3.18 cm) along each line giving a boundary of 2
rivets per 1l.25 inches or a rivet spacing of 1.6 rivets/inch.

The dynamic rivet fracture loads identified in Table II are
determined for 1.0 in (2.54 cm) wide specimens, therefore a
factor of 1.6 times these indicated loads would be necessary to
fracture the full scale tests attachments. For the full scale
plate tested, this glves a boundary fracture load of approxi-
mately 1117 pounds/inch for .063 in (.16 em) thick plate and 1383

31.

AR T —————t = - -
M T Tt - —p—

[P R




pounds/inch for the .05 in (.13 cm) thick plete. The experimental
results cf the full scale tests show an approximate fracture load
of 1800 pounds/inch for the .05 inch plate and approximately 1700
pounds/inch for the .0€3 inch plate. These results and comparisons
are premised on the assumption that the 100 psi (.69MPa) blast
load causes fracture of the rivets and that approximately half

the experimental tests result in fracture and the other half

\ cause severe rivet rotation and rivet hole elongation.

32'




SECTION 1V
GENERAL DISCUSSION AND CONCLUSIONS

4.1 DISCUSSION

In summary, taking into consideration the over 250 dynamic
tests run, the dynamic fracture modes of riveted joints were
focund to be essentially the same as those found in stetically
loaded iiVeted joints. Basically, for a given rivet type and
diameter, with variations in sheet thickness, as the sheet thick-
ness decreases below that required for dyhamic rivet ~hear a change
in fracture mode occurs. Combinations of several fracture modes
can appear with decreasing sheet thicknesses until tensile sheet
fracture occurs between the rivet holes. For thicknesses above
that necessary to produce sheet fracture between rivets, severe “wt
rivet and :heet rotation occurs and fracture can occur as rivet
shear or shear tear out of the sheet.

Examination of flat panel tests run on full scale aireraft,
show rivet shear or what appears to be the two kinds of sheet
failure as s.own in Figure 1lk. However, further observation and
examination of single rivet tests indicates that &« scalloped
fracture (Figure l4a) occurs. This is the result of a2 crack
formation developing at the sides of the hole which is then torn
out by shearing action of the large rivet rotation proceeding and
following the initial crack focrmation. ‘'he large rivet —wotation

in most cases is preceeded by hole elongatior and the net section

33.
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stress between the rivets appears to never reach the ultimate
stress of the material. For very thin sheets the driving force
necessary for fracture is the net tensile stress between the
rivets. Once the crack has formed at the edges of the hole
catatrosphic or elastic type fracture will occur. This elastic
type fracture is brought about by the transition from a Mode I
plane strain fracture to a plane stress shear rupture with de-
creasing plate thickness as discussed by Irwin (Reference 10).
Below a critical thickness of 0.5 in (1.27 cm) for 2024-Th
aluminum (Reference 1ll1) the fracture toughness decreases with de-
creasing sheet thickness and as a result when a crack of suffi-
cient length forms, failure or fracture cocurs catastrophically.
However, in dynamic loadings the driving force or stress may
occur over a shorter time period and the tension failure between
rivets can occur only over a very short distance. In addition,
brittle type sheet failure has a tendency to occur for 7075 air-
craft aluminum due to the higher yield stress and lower elongation
as compared to the more ductile 2024 a#luminum series.

For prediction purposes, of when riveted joints fail under
dynamic loads there appears to be no readily available analyeis
for use. In order to establish a dynamic analysis model a joint
etiffness is essential, since the build up of stress in the rivet/
sheet element is governed by the response of the rivet/sheet combi-

nation to the applied load. Harris and Ojalvo (References 9 and
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12) used a finite element code to calculate static joint stiff-
nesses and their analytical results when compared with experiment
showed good correlation. Since there is very little strain rate
sensitivity found in cold worked aluminum alloys it is expected
that statically determined joint stiffnesses could be used with

good success in caloulating joint response under dynamic loads.

4.2 CONCLUSIONS ‘

l. Dynamic stress concentrations associated with holes and
rivated joints are approximately equal to fhe static stress con-
centrations.

2. TFracture/failure modes of riveted joints subject to dynamic
loads are essentially the same as those for riveted joints when
subjected to static loads. ,

3. Dynamic rivet/sheet response, failure and fracture are
very dependent on the joint stiffness and applied load-time
history.

4.3 RECOMMENDATIONS

1. Run a continued test series on tensile rivet sheet com-
binations with strain gage instrumentation to determine loading
history and time to fracture.

2. Continue static rivet sheet tests in various combinations
to determine joint stiffnesses tv be used in dynamic response

methods uving finite element codes similar to the static methods

36.
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of Reference ll. Alternatively, a modification of the boundary
conditions to accomodate variable boundary stiffnesses in the
code of Reference 9 are recommended.

3. Continue full sca.e tests on flat and curved panels
with strain gage instrumentation to verify methods of 2 and 3

d.bOVe .
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