A STUDY OF THE EFFECTS
oF
RAPIDLY APPLIED LOADS
AND
REPEATED LOADS ON COUNTERSUNK
RIVETED JOINTS

Thesis
by
Lt. Comdr. Orlan A. Soli, USN
Lieut., William E. Ditch, USN

In Partial Fulfillment of
The Requirments for
Professional Degree of Aeronautical

Engineer

California Institute of Technology
Pasadena, Califormia

1947



ACKNOWLEDGMENT

In presenting this thesis, the authors are in-
debted to the staff of the Guggenheim Aeronautical
Laboratory, California Institute of Technology for
their suggestions; the Douglaé Aircraft Company for
providing the specimens used; D. M. Davis, Consolidated
Vultee Aircraft Corporation, for his helpful advice and
cooperation; and Aircraft Industries Association of
America, Inc. for its cooperation in providing liter-
ature.

In pasrticular, they wish to thank Dr. E. B

Sechler, Prof. R. R. Martel, and Mr. H. C. Martin under

whose supervision the research was carried out.



PART

11
111
1V

VI
Vi1

- TABLE OF CONTENTIS

TITLE

Summary

Introduction

Test Specimens
Laboratory Apparatus.

(A) Description of Testing
Machine

(B) Time Interval to Apply
Maximum Load

(C) Testing Procedure

Results ‘
(A} Summary of Tests Conducted
(B) Data

{(Cc). Conclusions

References

Illustrations
(A) Specimens
(B) Testing Machine
(C) Results and Apparatus used in

Determining the Time Interval
to Apply Maximum Load

{D) Typical Specimen Failures

u2=

12
14
18
19
21
37
40
42
43
46

51

58



I. SUMMARY

A number of tests were conducted at Daniel Guggen-
heim Aeronautical Laboratory to determine the effects
of rapid loading end repeated rapid loading on counter-
sunk riveted joints. This investigation was conducted
to indicate the importance and possibilities of future
study in this field.

| The rapid loading test results are compared to
slow loading tests and to ANWNC-5 and Aircraft Industries
Association of America values.

A hydraulic testing machine designed for these
specific tests was counstructed and placed in operation.
A general discussion of the testing machine and its

operation is included.
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II. INTRODUCTION

The published data on the behavior of riveted
joints under repeated loads is still very meager, and
the method of testing joints under repeated loads has
not been standardized. A preliminary study of the
available tests showed that the time interval required
to apply the maximum load to a test specimen has not
been considered important; this assumption made by
other investigators has risen from fatigue test proce-
dure in Which the rate of loading has been found unim-
portant. TFaligue tests are usually run at relatively
low stresses, below the yield strength of the material,
and in such cases the rate of loading eapparently does
not affect the strength of the joint. In riveted joints
local stress conditions may be above the yield strength
of the material and the time interval required to apply
the load becomes of great importance,

The purpose of this investigation was to determine
the effects of a rapidly applied load upon the strength
of a countersunk riveted joint, and to determine the life
of such a joint under repeated rapid loadings. Realiz-
ing that an aircraft frame cannot be subjected to true
shock loads, but that it is subject to rapidly applied
loads with a finite rate of loading, an effort has been

made to test with rapid loading but not shock loading.
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I11. TEST SPECIMENS

The riveted test specimen established for this
study consisted of a simple‘bu§t joipt with a joint
backplate one gauge thicker than the sheet. The
rivet pattern consisted of single rows of three rivets
placed symmetrically on each side of the joint. See
figure (1) for dimensions of a typical flush riveted
specimen,

Several types of test specimens were‘considered,
and the above type joint was selected for several
reasons. Realizing that this study would contain a
large number of uncontrolled variables, such as work-
manship and tolerances, it was felt a joint that would
assist in averaging the results would be advantageous,
Assuming that half of the total permanent set of the
Joint is due to each half joint (i.e., the single lap
joint) a certain averaging could be obtaihed. The use
of three rivets in a single row in each half of the butt
Jjoint and following'through with the assumption that
half the butt joint would be responsible for half of.the
permanent set of the joint, further averages the result-
ing permanent set in that each rivet is assumed tc deform
the same as all other rivets inm the joint,

The selection of the single rows of three rivets was
alsc influenced by the desire %o correlaﬁe results with
AeleAoho, Alrworthiness Project 12, (Ref. 3), who for the
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most part had used a single row of three rivets in a lap
joint. The butt joint selection was also felt to be
more representative of‘aircraft constructione.

All specimens are identified by coded dash numbers.
The permanent dash number is divided into two partsg
the first digit signifies the nominal diameter of the
rivet in thirty-seconds of an inch, and the remaining
digits signify the thickness of the countersunk sheet
in thousands of an inch. The letter following the dash
denotes the manufacturer of the specimen and the remain=-
ing digits represent the specimen number. Thus, 451-G6
signifies a 4/32 or 1/8 inch rivet, countersunk in a
0.051" sheet, manufactured by Guggenheim Laboratories,
ColoTey and the sixth such specimen furnished.

Materials chosen for these specimens are as followss
{1) Sheet material is of 245-T aluminum alloy. (2) Rivets
are 100° flat head rivets of Al7S-T aluminum alloy.

Detailed drawings and the specifications of the test

specimens are shown in figs. 2 and 3,
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IV. LABORATORY APPARATUS
A. Description of Testing Machine,
1. Parts List for Testing Machine,
B. Time Interval to Apply Maximum Load.
C. Testing Procedure.
1. General.
2. Operation of Repeated Load Hydraulic
Testing Machine. |
8. Test Type--Slow Loading vs.
Permanent Set,
b Test Type--Rapid Loading vs.
Permanent Set,

co Test Type--Cycles vs. Permanent

Set at Constant Maximum Loading.
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A. Description of Testing Machine

The testing machine used in this study was
especially designed and construectied for the tests to
be conducted by the authors and co-workers of a relat-
ed study. The general specifications for the testing
machine as required by the problems being investigated
weres

(1) Repeated loads.

(2) Rapid loading (not shock loading).

(3) variable loading.

(4) High number of cycles and adaptability.

A mechanical testing machine was first considered
but ﬁas soon discarded when it was found that the com-
plications of remo&ing the inertia of’moving parts,
repeating the seme loading conditions in spite of deforma-
tion of the test specimens, and obtaining some degree of
adaptability could be more easily overcome by a hydraulic
testing machine.

A hydraulic testing machine, shown in figure 4 and
figure 5, was then designed to provide the general require-
ments. To eliminate the inertia of fluid movement, the
hydraulic system of the testing machine was designed in
two individual parts. The primary system consisting of,
and in order of flow, (see Fig. 6): a reservoir, strainer,
pump, pressure regulator valve, and return to the reser-
voir. This primary system also contained a pressure relief
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valve to take over the pressure control in evenit of
malfunctioning of the pressure reguiator valve, and

an accunmulator to stabilize any pressure fluctuations.
This primery system was designed to‘operate between

75 psi. and 1000 psi., and a pressure regulator valve
of such range was used. The secondary system was
designed to be essentially a zero flow system and
served only %o transmit the preséure in the primary
system to a cylinder in suitable pulsations. The sec-
ondary system consists of 2 solenoid operéted pilot
valve and the cyklinder. The addition of suitable gages
and a very lightly loaded check valve in the return to
the reservoir line to prevent the exhausting of the
hydraulic fluid from the cylinder, comprises the sec-
ondary syétem.

It wes found advisable to provide s shut-off valve
in the gage line to prevent pounding of the gage and
subsequent inaccuracies. The range of loads that can be
supplied by this system are 0 to 11,500 lbs. The use of
different sizes of cylinders makes the range of accura-
cles variable. That is, the smaller the cylinder used,
the grester the accuracy of the load.

The hydraulic pump is driven by a five horsepower,
3 phase, 220 volt electric motor through a reduction gear
box. The electrically operated pilot valve is- powered
with a 110-volt solenoid which is triggered by breaker
points geared to & small 110 volt motor. The hydraulic
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pump motor, the solenoid,aanQche timing motor are
controlled by separate switches, which allow a number
of different type tests to be run. See FPig. 7 for
electrical Wiriné schematice

The general structure of the testing machine re-
sembles a table with a lower shelf. The hydraulic
pump motor, gear reductor, hydraulic pump, reservoir,
accumnleior; safetly valve, and the strainer are
positioned on the lower shelf as shown in Fig. 8. The
top of the table supports the gages, elecirically
operated pilot valve, timing motor, breaker points,
counter, pressure regulator, and switches. A 5"x5" H
beam situated at the rear of the table top provides
the strength member for the testing. To this beam
is fastened the hydraulié cylinder., The rest of the
top of the machine is available for work space. All
of the hydraulic lines are placed between the shelf and
the table top toc separate them from the greater part
of the electrical devices, a position which is readily
accessible,

This testing machine rapidly applies a load to a
predetermined value and holds this load for approximately
one-half second. The machine is capable of repeating

the same loading conditions fifty-two times z minute.



1. Parts List for Testing Machine

Name
Aeccumulator
Counter
Gages
Gear Reductor
Hydraulic Check Valve
Hydraulie Cylinder
Hydraulic Punmp
Hydraulic Pump Motor
Pilot Valve {Solenoid)
Pressure Regulaeting Valve
Pressure Relief Valve
Reservoir
Rheostat

Strainer

Type
Vickers, 400# pressure
Veeder-Root, Large Figure
Hydraulic, Marshalltown Mfg. €Co.
Boston Reductor, 3.06=1 ratioc,
Cat. No. HB=3
Universal, Opening pressure 1#
1.5" Diameter
Pescoy, Gear type, Serial No.

PEC=8500

Westinghouse Induction Motor,
5 HiPey 3 phase

Vickers, CK-2502-NA-220-AC-30
Vickers CK-2502-AC-80
G5314149, 1250-1500 pai.

6.8 gal. capacity

Variable adjustment

Cuno

Timing Motor and Gear Box 0.0l H. P. Motor



B. Time Interval tc¢ Apply Maximum Load

The time interval to apply maximum load with the
one and one-half inch cylinder used was obtained with
the electronic apparatus shown in Fig. 19 and Fig. 20.

Two Cl straein gauges were placed on opposite sides
of the specimen and connected in series to eliminate
the effects of bending. These strain gauges mounted
on the specimen are shown in Fig. 17. The output of
the strain gauges was amplified by the pre-amplifier
and placed on the Y-axis of a Dumont 247 Oscilloscope.
‘The pre-amplifier has a flat frequency response between
. seven c¢ycles and twenty KC. A Hewlett-Packard Oscil—
lator was used to supply a five hundred cycle wave
as a time axis calibration. The Dumont Oscilloscope
has a provision for the use of an external pulse to
start the trace, and an initiator was constructed to
trigger the oscilloscope at the instantkthe‘pilot
valve was energized,

A camera attached to the oscilloscope made possible
the recording of the trace obtained. Figs. 11 to 16

inclusive show the results received from the apparatus.

The pezks of the time reference wave appearing in the
figures are 0,002 seconds apart. The gradual reduction
in the vertical height of the %race after the load has
reached the meximum value is due to the decay of the
pre-amplifier. Tests conducted on the same testing

machine in Reference 11 with a Heiland Recording Oscil-
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loscope show that the load remains constant after the
moximum value has been reached. The same tests indicated
that the meximum value of the load was that indicated

by the primery hydraulic system pressure gage. The
primary pressure gage was calibrated with the cylinder

on the Riehle static testing machine. The calibration
curve is plotted in Fig. 10,

The change in the time interval to apply maximum
load at 10@ and high loads is not fully explainable,
but is believed the accumulator may affect the differences
The accumulator is effective at the high lcads and in-
effective at the low loads. '

The primary reason for obtaining the Load vs. Time
Traces was to insure that no value of the load existed
above the load indicated by the primary hydraulic system
"pressure gage, and to determine to some extent the order
of the time interval to obtain meximum load. The time
interval to apply meximum load at a load of 500# develop-
ed by the one and one;half inch c¢ylinder is 0.038 seconds,
The time interval to apply maximum load at a load of
5864 developed by the one and one-hslf inch eylinder is
0,013 seconds. These two loads developed by the one and
one-half inch cylinder fall above and below the system

pressure at which the accumulator becomes effective.
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Ce Testing Procedure
1. General

The results presented in this investigation were
obtained with the Repeated Load Hydraulic Testing
Machine described in Part IV-A. The operation of
the testing machine is discussed in detail in Part IV-C2.

The general itesting procedure was as follows:

(1) Verification of joint averaging assump-
tions as discussed in Part III by testing
butt and lap joints.

(2) Determination of the effect of rapid load-
ing by testing similar specimens with slow
loading and with rapid loading.

(3) Determination of the effect of repeated
rapid loads on similar specimens.

The permanent set of the joint in each test listed
above was measured with a traveling microscope shown in
Tig. 9, and the permanent set of the rivet was defined
a8 helf the permanent set of the buiﬁ joint in keeping

with assumptions discussed in Part III.

2. Operation Procedure of Repeated Load Hydraulic Testing
Machine
2. Test Type--Slow Loading vs. Permanent Set.
(1) Measure rivet joint length mounted in
machine,
{2) Check timing motor for closed contacts
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position.

Check operation of solenoid operated
pilot valve.

Turn pressure gage valve ON (handle
horizontal).

Turn pressure regulator valve all the
way counfer»clockwise.

Turn ON hydraulic pump motor.

Turn ON pilot valve switche

Turn pressure regulator valve clockwise
until desired pressure is registered,

Decrease load to zero.

‘Turn OFF pilot valve switch.

Turn OFF.hydraulic pump motor.
Measure rivet joint length.

Repeat 6 through 12 for each desired loading.

b. Test Type--Rapid Loading vs. Permanent Set.

(1)

(2)

(3)

(4)

(5)

Measure rivet joint length mounted in ma-

chine.

Check timing motor for closed contacis
position.

Check operation of solenoid operated

-pilot wvalve.

Turn pressure gage valve ON (handle hor-
izontal).
Turn pressure ye gulator all the way counter-

clockwise.
=15



(€)
*(7)

(8)

(9)

(10)

(11)
(12)
(13)

Turn ON hydraulic pump motor.

Turn pressure regulator valve clockwise
until desired pressure is obtained.

Turn QN pilet valve sw;tch.

Turn OFF pilot valve switche.

Turn pressure regulator valve counter-
clockwise until zero pressure is registered.
Turn OFF hydraﬁlic pump motor.

Measure rivet joint lengthe.

Repeat 6 through 12 for each desired loading.

c. Test Type--Cycles vs. Permenent Set at Constant

Maximum Loadinge.

(1)

(5)
(6)

*(7)

¥*

® Kok,

*(8)

110)

Measure rivet joint length as mounted in

machine,

Check timing motor for "open contacts®

posltion,

Turn counter to zero.

Turn pressure regulator valve all the way

counter-clockwise,

Turn pressure gage valve ON (handle horizontal).

Turn ON hydraulic pump motor.

Turn pressure regulator valve clockwise until

desired pressure is registered.

Turn OFF pressure gage valve.

Turn on simultaneously both timing motor and

pilot wvalve.

After desired number of eycles turn OFF both
~1€- |



timing motor and pilot valve switches
simultaneously.
{11}'Turm OFF pump motor.
{12) Measure rivet joint length.,
112} Repeat 5 through 12 until completion of
test,
¥Caution is advised in approaching a desired pfess&r@g
The pressure increase for a given movement of the pres-
sure regulator valve increases as the pressure increases
and is sensitive in the range above 400 psi, exhibiting
extreme Sensiﬁlﬁity at higher pressures. Overshooting
the desired pressure may result in uncautious cperation.
**Turning off the pressure gage valve prevents pound-
ing of the gage. In extended operation it may be ad-
visable to set the pressure, turn the pump motor OFF,
allowing the pressure to return to zero, then turn the
gage valve OFF. Restarting the pump metér causes the
pressure 1o r@tufn to the valve setting, but the gage
remains at ze?a@-
¥¥*some practice in turning off these switches at the
proper moment is required, but the rhythm of the action

-

5 very obvious and a few trials will indicate the

budo

propey moment.
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V. RESULTS

Ae. Summary of Tests Conducited,

B. Data.

1. Tables.
1. Specimen Data
1I. Ultimates of Specimens

ITI. Comparison of Rapld Load Ultimates

2. Plots,

Co Conclusions.
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A. Summary of Tesis Conducted

After choosing the butt joint specimen configuration
as shown in Fig. 1, the authors wished to compare the
scatter of the test points with a 1ép Joint specimen
as used by the A.I.A.A. {(Ref. 3), the rivet spacing
and general dimensions of the joints being similar in
all other respects. This test was conducted on speci-
mens manufactured by the Guggenheim Laboratories by
applying repeated rapid loadings of 199# per rivet. The
results of this test are shown in Plot 1, in which per-
manent set per rivet is plotted against cycles of load
applied. From the results obtained it was concluded
that the butt type specimen reduced the test point scatter
approximately 50%, and substaniiated the assumption of
the averaging ability of the butt joint,

The next series of tests were conducfed to deter%ine
the effect of the time interval required to aply the
load. With the testing machine as constructed, it was
only possible to apply two different time intervals to
maximum load. The slow time interval is obtained by
manually operating the regulator valve, and the time
interval to obtain maximum load is three seconds or more.
The rapid time interval %o maximum load is accomplished
by use of the solenoid operated pilot valve, and the
time interval is 0,038 seconds or less. Testing machine

operating procedure for these tests is outlined in Part

-19-



IVv-C2. Specimens of éne ri%ét diameter and two sheet
thicknesses, manufactured by two different sources, were
tested. Two or more specimens for each type test were
used to obtain average values. The results of these
tests were piotted as load per rivet vs. @ermanent set
per rivet in Plots two, three, and four, Table II is
a tabular form of the ultimate values obtained from these
tests and ultimate values as specified by ANC=-5 and the
A.T.A.A. Since ultimete values given by ANC=5 and the
AoeIloA.A. have a material safety factor of 1.15 incorporated,
these values as shown in Table II1 have been corrected by
this amount. Table II compares the rapid loading ultimate
with ANC-5 and A.I1.A.A. ultimate values corrected by the
factor 1,15'as percentages of these values.

The effects of repeated rapid loadings on countersunk
1/8" rivets in 0.040" sheet was studied in the final phase
of the investigation. The load per rivet was selected
as 199#, which corresponds to the A.TI.A.A. yield load
for this rivet and sheet combination. The testing machine .
operating procedure for this test is described in Part Iv-C2.
The results of the tests on 440-G specimen are shown in
Plots five, six, seven, eight, and nine in which the perma-
nent set per‘rivet (e) is plotted against cycles of load (n).
The results of tests on 440-D specimens are shown in Plots
ten, eleven, twelve, and thirteen in wnich permanent set

per rivet (e) is plotted against cycles of load (n).
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B. Specimen Data

Key to Heading for Table I:
1. Specimen No.
Rivet size=—firs£ digit

Nominal diameter of rivet in thirty-seconds
of an inch.

Sheet thickness--second and third digits

Thickness of top sheet in thousands of an
incho,

Manufactured byo-letter'following dash
G--Guggenheim Aeronautical Laboratory
D«;Bouglas Aircraft Company

2. Type Joint.
L==Lap
B--Butt
3 Type Test.
C==Testing Machine Calibration

F--Rapid rate of loading for Load vs. Permanent
Set Curve.

R--Repeated loads at constant loading

S-~3low rate of loading for Load vs. Permanent
Set Curve

4, Rivet Load,.

V--Variable loading (as in obtaining load vs.
permanent set curve) .

( J--Load per rivet in 1bs., number signifies’
maximum load obtained,

5. Plot No.=-=Results shown in Plot stated.
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Table 1. Specimen Data
1 2 3 4 5 5
Specimen | Type Type Rivet | Plot Remarks
Noe Joint | Test Load | Fo.

440-G1 B Determined Testing Procedure
440-G2 B R 199 1 Verified Specimen Results
440-G1L L R 199 1 Verified Specimen Results
440-G3 B S v 2 Effects of rate of loading
440-G4 B S v 2 Effects of rate of loading
440-GH B F v 2 Effects of rate of loading
440-G6 B P v 2 | Effects of rate of loading
440=G7 B R 199 5 _Effects of repeated loading
440-G8 B R 199 6 Effects of repeated 1oéding
440-G9 B R 199 Vi Effects of repeated loading
440-G10 B R 199 8 Effects of repeated loading
440-D1 B ] v 3 Effects of rate of 1oéding
440-D2 B S v 3 Effects of rate of loading
440-D3 B S v 3 Effects of rate of loading
440-D4 B F v K] Effects of rate of loading
440-D5 B iy v 3 Effects of rate of loading
440-56 B C v Determined Load vs. Time Trace
440-D7 B R 199 10 Effects of repested loading
440-D8 B R 199 11 Effects of repeated loading
440-D9 B R 199 12 Effects of repeated loading
451-D1 B S v 4 Effects of rate of loading
451=-D2 B S v 4 Bffects of rate of loading
451-D3 B F v 4 Effects of rate of loading
451-D4 -B F v 4 Effects of rate of loading




Table Il1. Ultimates of Specimens

Specimen 440-G 440-D 451-D
Ultimate as Tested--Rapid Loading |231 #/R |264 #/R |272 #/R
Ultimate as Tested--Slow Loading |353 #/R [463 #/R |596 #/R
JA.A.TeA. Ultimate 299 #/R 299 #/R |336 #/R
ANC-5 Ultimate 271 #/R | 271 #/R |331 #/R
A.A.T.A. Yield 199 #/R [199 #/R |243 #/R

3
Table III. Comparison of Rapid Load Ultimate

 Specimen 440-G | 440-D | 451-D

% Tested Ultimat’e 56.9 / 49,6 39.7

% AcAoI.A. Ultimate 67.1 76.8 7004

% ANC-5 Ultimate 74.1 84,6 71.5

116.0 133.0 112.0

% AcAoLloAs Yield
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C. Conclusions

The tests conducted indicated that the ultimate
strength of riveted joints is dependent upon the time-
interval required to rezch the load imposed upon the
joint. This reduction in ultimate strength has no known
explanation in terms of the material behavior, and must
be attributed to the action of the joint itself. The
Guggenheim Laboratory prepared specimens were not man-
ufactured with the best fabricating procedures and
control; this fact is reflected in the lower slow load-
ing ultimate of these joints. However, the rapid load-
ing ultimate is only slightly lower than thet of the
Joints prepared by the Douglas Aircraft Company under
more desirable manufacturing conditions. The single
rivet size and two sheet combinations manufactured by
the Douglas Aircraft Company heve their rapid loading
ultimetes within eight pounds of one another. Consider-
ing the three specimen groups tested, it appears that
the rapid loading ultimete is primarily desendent upon
the rivet size, and a further investigation of a greater
range of rivet size and sheet thickness combinations
should he conducted.

In all specimens tested to ultimate strength, the
rivets in the joint failed. In the specimens with .040
sheet material, rivet feilure was proceeded by & very

marked cocking of the rivet head, as shown in Fig. 21.
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This head cocking of the rivet indicated thet the hesd
was being deformed by the knife edge action of the sheet
as described in Ref. 3, and could be predicted from the
D/t ratio of the joint. When specimens with a sheet
thickness of .0B1 were tested‘no such cocking action

of the rivet head prior to falilure was evident. In this
case a smell elongation of the rivet hole in the counter-
sunk sheet was noted,.indicating e very small amount of
bearing failure was occurring. However, ih no case was
the deformation of the sheet large enough to be noted
until after the rivet had failed, exposing the sheet be-
neath the countersunk rivet head.

The effect of repeated rapid lozds of 199 lbs. per
rivet on the riveted joint is shown in Plots five through
thirteen. In general, the permanent set‘of the jéint
increases slowly with the number of cyclés, but no indica-
tion that the joint would eventually fail due to effects
of the rapid loading was found in so far as the number
of cyclgs of load was repeated. The specimens manufactured
by the Guggenheim Laboratories showed the presence of two
distinct trends of permanent set, but it is believed that
the joints showing the higher permanent set were incor-
rectly manufactured.

It is recommended that further investigations encompass
a complete range of rivet dizmeter and sheet thickness

combinations together with the-use of Joints fabricated

238



by numerous manufacturers; the variation of the tine
interval to reach meximum load should alsc be included
in an effort to £ill in the gap of information between

a time interval of 0.038 seconds and 3 seconds.
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Top View of
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FIG. 9 Specimen Attachments and Traveling
Microscope.
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Load vs. Time Trace,
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Load vs. Time Trace,
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Load vs. Time Trace.
Max. Load--203#/Rivet
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Strain Gauge Mounted on
440-D Specimen,

FIG. 17

Strain Gauge Mounted Specimen
in Testing Machine.

FIG. 18
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Electronics Equipment for Determining
Load vs. Time Trace.

FIG. 19
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Permanent Set or "Slip" in Countersunk
Rivet Joint just Prior to Failure.

FIG. 21

Typical Countersunk Rivet Joint Feilure,

FIG. 22
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