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EXECUTIVE SUMMARY

As a pat of acollaboraion progam bdween the Federa Aviation Administraion (FAA, USA)

and the Depatment of Civil Aviation (RLD, the Netherlands), theDutch Naiond Aerospae
Laboratory(NLR) has carried out fatige tests on riveted lap joint specimefifie specimenare
representdive of the longitudind lap joints of a commercial aircraft in which multiplesite
dama@ (MSD) was found in service. Two different rivet configrations, dimpled and
countersunkivetedjoints, wereinvestigated.The countersunk riveted specimens were bonded as
well. Four different bondingjualities ranong from fully bonded to fullyjunbonded were tested.

Theresults of thetest progam showel tha the fatigue life until failure of the dimpled lap joint

specimens was about one-quarter of that of the unbonded countersunk spedinegnsnding
quality is a major parameter for the fatglife. Fully or partlybonded specimerdid not show
fatigue crackingwithin 500 or even 1000 kilocjes. Specimens with a fullglegaded bonding
layer have sligntly better fatigie properties compared to fullypbonded specimens.
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1. INTRODUCTION.

The Fedea Aviation Administraion (FAA, USA) and theDepartment of Civil Aviation (RLD,
the Netherlands) have defined a collaborative aiogon structural integy of agng aircraft.
As partof this progamthe Duth Naional Aerospace &borabry (NLR) carried outfatigue tests
on riveted lap joint speimens.

In the first pat of this test progam, spe&imens deigned and manufectured in the USA weae
testeduniaxally and biaxially. The results of these tests have been reported in references 1
and 2.

In the second part, specimens tested were representative of adlsetggdinal lap joint of a
commecial aircraft with multiple-site damage (MSD) (se figure 1). Two different rivet
configurationswere used:two rows with dimpled rivets and three rows with countersunk rivets.
The countersunkriveted joints were cold bonded as wellThe quality of the bondingwas
evaluated in the test pmagn. Four bonding qualitiesvere investicated: fully bonded,partly
bonded(simulating manufacturingdefects), degded bondingsimulatingbondingdegadation
during service), and fulljunbonded. Different specimerwidths (120, 160, and 480 mm) were
usal. The speimens wee loaded dther uniaxially or biaially. All specimens wee
manufactured b¥okker Aircraft Corporation in order taigrantee aircraft manufacturer quality

In this report thetest progam (setion 2), thespeimens (setion 3), theexecution of thetests
(sectiond), the measurement (section 5), and the test results (section 6) are desbhnibeest
results are discussed in section 7 and the conclusions are presented in section 8.

2. DESCRIPTION OF THE TES PROGRAM.

The test progam, as originaly planned, is summazed in teble la. Two speimen widths
were planned.The wide specimens (480 mrhad dimpled (without bonding or countersunk
(fully or partly bonded) rivet connections.All narrow specimens (160 mm) contained a
countersunk/bondedvet connection(with various degees of debondingf the bondingayer,
see baw).

The test progam peformed was slightly different from thetest progam originaly planned
(table 1a), asigen in table 1b.



Cross Section of Fuselage (Typical)
and Stiffener Numbering System

damaged area III
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damaged area I (R)
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3300 |
1.0 mm inside skin '
. s“;\(\\
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dag:ged rivet connection in damaged lap joints %
I dimpled two rows of
(notbonded and MS 20426 AD4 rivets,
II no interfaying sealant) pitch ~16 mm
countersunk and three rows of NAS 1097
I cold bonded (EC 2216) AD4 rivets, pitch 20 mm

FIGURE 1. STRUCTURAL DETAILS OF LONGITUDINAL SKIN SPLICESWITH
MULTIPLE-SITE DAMAGE



TABLE la. ORIGINAL TEST PROGRAM ON RVETED/BONDED FUSELAGE LAP JOINT
SPECIMENS (SEE FIGURE 1)

Number d Biaxial/Uniaxial Stress Level
Specimen Caonfiguration Width (mm) Specinens Specinens (C-A)
Not Bonded No
Dimpled Interfaying 3
(1) Sealanh
Countersunk + No Debording 480 3 Biaxial
Bonded
) Partially 3
Deborded*
Fully Bonded 3 "maXR‘_go"' 1'\8PA
Countersunk + Partially 3 In EachGroup: '
Bonded Deborded 160 2 Uniaxial,
2) Bonded, 1 Biaxial
Separatd, ard 3
Riveted
Fully Deborded 3

* Amount of debomling to be appled in specimens bagd ontest reailts obtained from 160-mm-wide pecimens.
Rivet pattern:

(1) 2 ®)

P
20 20
16 1. 16 3 20
16 + ]
A
+ 20
A + l
P
@
i§ 2 rows of rivets (MS 20426 AD4), 3 rows of rivets (NAS 1097 AD4), 3 rows of rivets (NAS 1097 AD4),
§ 30 rivets in a row 24 rivets in a row 8 rivets in a row

Note: All dimensions are in mm

One of the purposes of the test piaog was to investage the influence of theondingquality on
thefatiguelife of the riveted and bonded lap jointsour bondingquality conditions were tested
on the narrow specimens:

a. Fully bonded joint.

b. Partlybonded to simulate manufacturiagors.
C. Fully bonded, then torn apart and rivetedaiagto simulate bondinglegadation in
servce.

d. Fully unbonded.



TABLE 1b. ACTUAL TEST PROGRAM ON FUELAGE LAP JOINT SPECIMENS

Specinen | Specinen Width Bonding Loading

No. (mm) Quality Uniaxial/Biaxial Rivet Type
Clc 160 fully bonded biaxial countersunk
C2c 160 fully bonded uniaxial countersunk
C3c 160 fully bonded uniaxial countersunk
C4c 120 fully bonded uniaxial countersunk
C5c 120 fully bonded biaxial countersunk
C2a 480 fully bonded biaxial countersunk
C4ad 120 partly bonded uniaxial countersunk
C5d 120 partly bonded biaxial countersunk
Cle 160 degadation of bonding uniaxial countersunk
C2e 160 degadation of bonding uniaxial countersunk
C3e 160 degadation of bonding biaxial countersunk
Cde 120 degadation of bonding uniaxial countersunk
Cbhe 120 degadation of bonding biaxial countersunk
Cla 480 degadation of bonding biaxial countersunk
C3a 480 degadation of bonding biaxial countersunk
Caf 120 unbonded uniaxial countersunk
Chof 120 unbonded biaxial countersunk
C4a 480 unbonded biaxial countersunk
Cba 480 unbonded biaxial countersunk
Cba 480 unbonded biaxial countersunk
D3a 480 unbonded biaxial dimpled

D4a 480 unbonded biaxial dimpled

D5a 480 unbonded biaxial dimpled

' Fully bonded, then torn apart andatied agin.
2With 2-x 0.2mm-thick aluninum foil (see figure 2).
*With 0.2mm-thick aluninumfoil (see figure 4).

Three specimens were planned (160 mm in width) for each boodmdijtion (seetable 1aand
figure 3).
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FIGURE 2. CONHGURATION FOR 120-mm-WDE LAP OINT SPECMENS
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1. fully cold bonded with EC 2216
2. peeled apart (destroying the bond) Note: All dime nsions are in mm
3. riveted together again

FIGURE 3. CONHGURATION FOR 160-mm-WDE LAP OINT SPECMENS

All specimens, however, were delivered fubpnded rathethan with the different bonding
conditions.

Six of the specimens were used for the followompdingconditions (see table Ibjully bonded
specimens Clc, C2c, and C3c and bondiegadation specimens Cle, C2e, and C3e.



New specimens were manufactured, two specimens for each bandihty condition. These
specimens, however, were made 120 mm wide instead of the 160 mm, but all bonding conditions
were applied correctlisee table 1b and fige 2):

Fully bonded specimens C4c and C5c.
Partlybonded specimens C4d and C5d.
Bondingdegadation specimens C4e and C5e.
Unbonded specimens C4f and C5f.

oo

The unbonded specimens were desiy so that a thi@luminium sheet(0.2 mm thick) was
placed beaween he riveted sheet so hatthe speanens woull have he sane joint thicknessas
the bonded configrations. This was thoulgt to be important in order to have themesecondary
bendingin the specimens for the different bondicwnditions. However, in specimens Céhd
C5f, two foils of 0.2 mm thicknesswvereused instead of one (seeurg 2). In the partlybonded
specimens C4d and C5d, a 0.2-mm-thick aluminium foil (seedig) was used in the unbonded
part.

Some of the narrow specimens (120 and 160 mm wide) were testedallyidake restwere
tested biarally. All wide specimens (480 mm) were tested aly (see table 1b).

On the basis of the test results obtained ftbenarrowspecimensit wasdecidedto usethe six
480-mm-wide specimens with countersunk rivets to test the following bonding condgems
table 1b and figre 4):

a. Fully bonded, onlyne specimen, C2a, for reference purposes.
b. Bondingdegadation specimens Cla, C3a.
C. Unbonded specimens C4a, C5a, and Cb6a.

In specimenC4a, a thin aluminium sheet (0.2 mm thick) was inserted between the specimen
hdves for reasons discssel previously. In speimens C5aand C6athis shet was omittad.

The 480-mm-wide specimens with dimpled riveted joints wemmberedD3a, D4a, and D5a
(see table 1b and figes 5a and 5b).

All wide specimens (countersunk riveted and dimpled riveted) were testealligiaxly.

In addition to the specimens used in the testnogram, 480-mm-wide dimpled and countersunk
lap joint speimens weae manufactured to seve as caibration spe&imens for theeddy-current
inspections to be carried out duritige tests. For that purposethesespecimensvere provided
with artificial defecs (EDM-electical dischar@ machned nothes) represeimg fatigue cracks
initiated in or near the lap joint rivet holesFor more details abouthese specimenssee
reference 3.
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3. DESCRIPTION OF THE $ECIMENS.

As discussedi the previoussection several specimen widths were used: 120, 160, and 480 mm.
Specimen dimensions and details areg in figures 2 to 6.

All specimens were made of 1-mm-thick aluminium alkg24-T3 alclad material.Prior to
assemblinghe two parts of the specimens, #mecimenpartswere pretreatedanodizd, and
primed accordingo industrial specificationsThe (cold)adhesivausedwasEC2216. Therivets
usedwere NAS 1097 AD4 for the countersunk specimens and MS 20426 AD4 for the dimpled
specimens, both with a 3.2 mm diameter.

The dimpled specimens had two rivet rows in ageegl configiration. One row has 3@ivets,
the other 29 rivets.The 29-rivet row for specimen®4a and D5a and the 30-rivet row for
specimen D3a is at the hig loaded countersunk side as is shown inrg 5a and 5b.

After delveryto NLR, the specnens for unaxia testing were pacedin the clamping areawith
1-mm-thik duminium tds (d either sidg to prevent damping failure.

The specimens for biaxial testing required specia treatment. To be able to run bixial fatigue
tests on spamens in whid thelap joint is thefatiguecritical area, special attention mustbe pad

to the load introduction into the lap joint are&igure 6 shows hovthe biaxial loads were
introducedinto the test section bymeans of clampingrms consistingf either unidirectional
aramidfibers embedded in epgxesin (with the narrow specimens for both loadigctions
and with the wide spe&imens for theloading direction paallel to thelap joint) or unidiretiond

glass fibes only (with the wide speimens for theloading direction norma to the lap joint).

These arms were cold bonded to the four specimessedg

4. EXECUTION OF THE TESTNG.

4.1 UNIAXIAL TESTS

The uniaxal constantamplitudefatigue tests were carried out in a 350 kN MTS servdrhylic

testing machine The maximum stress levels waere nomindly 94 MPa An R-raio (ratio of

minimum-to-maxmum stressn acycle) of 0.1 was usedn this waythe stress ramgAo) in the

tests corresponded toda.e, Of 85 MPa, a stess valie typical for the cabmn differenta pressure
of amidsizecommecial aircraft. The actud applied stress lavels and theresulting speimen end

loadsaregivenin table 2. A chard rang of 50 kN of he esting machne was used fohese
tests.

All testswere carriedout under load control at a frequencly 10 Hz At that frequencyno
dynamic effects were @erienced so that no specialtixing was required.

The specimen ends were clamped in standard clandeiviges of the testingnachine.

11
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To check the correct aignment of the speimens duringtesting to obtan a synmdrical stress
distributionacross the specimen width, all specimens were provided with two (end load) strain
gauges, i.e., one on the left-hand side and one on tlm-h@nd side. The positionsof these
gauges are yen in figure 7. The type of gquges used was HB 3/120 LY 63.

160 4.0

-

[}

Irolling direction

rivets:
NAS 1097 AD4
diam. 3.2
1o 0], (diam mm)
140 20 ~ 7x20 - :Izo
A I -
[T ' '
— + + + + + + + + Y-
20
220 H+ + + + + + + + H-
20
1 Oﬂ— + 4+ + + 4+ + + + -
140

NoOL-€858

Note: All dimensions are in mm

FIGURE 7. POSITION OF STRAN GAUGES ON 160-mm-WDE LAP OINT SPECMENS

During the tests, #dl rivet rows (4 ether sidg were inspested using a travelling microsmpe
combined with a crack monitorirdgvice (SonyMagnecsale EA-210)Whena crackwasfound,
thecrack length was measured by positioningthe crosshars of themicrosmpeat the extremities
of the crack (ie., atthe rivet head edg and atthe crack ipp). The inspecton frequencyused
duringthetesting progam was baed on initigion lives experience obtaned from thetests.

Initially inspectionaverecarriedout atrather small inspection intervals (ever®,000 cgles) but
these intervals inaeased as moreexperience was obtaned oncrack initiation lives. After crack

13



initiation was detected in a certain test, theinspections wee carried out with sméer intervals to
collect as much crack propaigpn data as possible.

4.2 BIAXIAL TESTS

The biaxial, constant amplitude fatigue tests wee carried out in abiaxial fatigue testing frane
containingtwo double-actinghydraulic actuators (see fige 8a). The actuators had a meum
capacityof 200 kN (horipntal actuator) and 100 kVertical actuator)and were controlledby
closed-loopservo sgtems. Double-bridg load cells were mounted at the rod ends of the
acuabrs. Theload sgtens of he est frame were contolled by a conputerized sgnal generabr

and control sgtem.

N

test rig

specimen
(view looking at formed
head side of rivets)

£ / =

_______________ ] I ) L \ﬁ 7/

blade hinges ! >
) 4 \
A || 200 kN actuator +

|
. load cell
N

% -"'l"'z L
'l 1 100 kN actuator +
v load cell

\\\\\\k\\:

DAY
M

Yt liidid §

FIGURE 8a.BIAXIAL TEST SETUP
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Like theuniaxial tests,the maximum stress level in a cycle (normd to thelap joint) was 94 MPa
nomind. The actud applied stress levels and theresulting speimen end loals ae given in
table 2.

A chartrang of 50 kN was used. All specimens were subjected to in-phase ialagtresses
representing the fusdage pressurizaion stress gcles with a biaxiality ratio (ratio of longitudind-
to-hoop stress) of 0.5The syichroniztion of the phases of both loadssgmswascontrolledby
the software of the control stem.

During thetests, theends of thefour ams of thecrudform spesimens were bolted to triangular

plate fixtures wheh were conneed b adjusiable tension rods (see dure 8a). For eachload
system, one of thesetensionrodswas connected to the actuator load cell and the other to the
structureof the testframe. At their ends, the tension rods were provided with bladeeking
Figure 8b shows one of the biakspecimens mounted in the test frame.

All testswerecarriedout underload control with an R-ratio of 0.1 and a frequen€y Hz At
that frequencyo dynamic effects were @erienced so that no specialttikng was required.

Similar to the way described in section 4.1 for the unglxests, the specimens were agg in
thetest frane duringtestingusingstran gauges, but now aotd of eight stran gauges were usel,
i.e., four for each load directionThe positions of the strairaggeson the specimensreshown
in figure 8c. The strain guges of each load stem were connected in ahdatstone bridg

Thedignment of thespesimen in thetest framewas arried out & follows.

First, astaic dignment was peformed by adjustingthelengths of thetension rods in sutaway
that the panel center was at the center of the test frafleen, preloads of 1.33 timdhke
maximum test loads occurring in a cycle were gpplied to the speimen in both diretions.
Finally, the alignmentwas further fine-tuneddynamically (startingat a low test frequengyby
balancingthe output of the \Weatstone bridgs of both loadingystems (see figre 8c).

The inspetions duringthe tests wee carried out in asimilar way as desaibed for the uniaxial
tests with theexception tha no travelling microsmpe combinel with acrack monitoringdevice
was avalable a the biaxial test frame Insted, the inspetions wee paformed using a
maaqnifying glass and a torchTo determine the moment and the locations of crack initiatten,
visual inspections were supportedrogans of hig-frequencyeddy-currentinspectionaisingthe
calibration specimens that were manufactured particularithat purpose (see last paia@gh of
section 2).
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NEL-€858

+ 4+ o+ o+ F o+ o+ o+ o+ o+ o+

+ 4+ + + + + + + + o+ o+ 4+

L R T Bl R A A

' 60
|

+ + + + o+ o+ o+ o+ 4+ o+ + + + o+ + 4+ o+ o+ o+ 4+

75

(2x) - -
4A (8A) o 3A(TA)
_E;__(QX) i @x) -HH-—
L 200 ;!_ 200 o

i

Note: All dime nsions are in mm

Connection of strain gauges in Wheatstone bridges

FIGURE 8c. POSITIONS OF STRAIN GUAGESON SPECIMEN TO REAUZE A CORRECT
ALIGNMENT DURING THE TES

5. SPATE MEASUREMENT PERFORMED

The stressdistribution in panel D4a was investiged bymeans of thermo-elastic equipment
(SPATE 8000).SPATE measures the sum of the principal stresses.

6. REQULTS OF TES'SAND MEASUREMENTS

Table 3 summaizes a survey of the uniaxial and biacial fatigue test results ad shows the
numbe of kilocycles at which thefirst cracks initiated and thenumbe of kilocycles at which the
speimen faled. Thetest results will bedisassel in moreddail in the following section.
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TABLE 3. SUMMARY OF THE TEST RESULS

Countersunlspecinens, fully bonded

Specinen Specinen Width Uniaxial/ First Grack First Linkup Failure
No. (mm) Biaxial (kilocycles) (kilocycles) | (kilocycles)
Clc 160 biaxial 1 1 500 *
C2c 160 uniaxial 1 1 500 *
C3c 160 uniaxial 1 1 500 *
C4c 120 uniaxial 1 1 500 *
C5c 120 biaxial 1 1 1000 *
C2a 480 biaxial —1 —1 1000 *
Countersunlspecinens, partlybonded
Specinen Specinen Width Uniaxial/ First Qack First Linkup Failure
No. (mm) Biaxial (kilocycles) (kilocycles) (kilocycles)
C4ad 120 uniaxial 1 1 500 *
C5d 120 biaxial 1 1 500 *
Countersunlspecinens, degadation of bonding
Specinen Specinen Width Uniaxial/ First Grack First Linkup Failure
No. (mm) Biaxial (kilocycles) (kilocycles) | (kilocycles)
Cle 160 uniaxial 275 311 311
C2e 160 uniaxial 200 201 202
C3e 160 biaxial 250 397 303
Cle 120 uniaxial 175 218 218
Cbhe 120 biaxial 313 355 357
Cla 480 biaxial 225 303 307
C3a 480 biaxial 1 1 1000 *
Countersunlspecinens, fully unbonded
Specinen Specinen Width Uniaxial/ First Qack First Linkup Failure
No. (mm) Biaxial (kilocycles) (kilocycles) (kilocycles)
Caf 120 uniaxial 150 182 182
Chof 120 biaxial 213 263 263
Cda 480 biaxial 460 548 557
Cha 480 biaxial 588 600 605
Cé6a 480 biaxial 434 434 438
Dimpled specirans, fully unbonded
Specinen Specinen Width Uniaxial/ First Grack First Linkup Failure
No. (mm) Biaxial (kilocycles) (kilocycles) | (kilocycles)
D3a 480 biaxial 120 148 153
D4a 480 biaxial 112 135 137
D5a 480 biaxial 112 124 127

* Test stopped, no craskound

In table 4 the nmeasured dimeter of the formed heads ofhte rivets in the criical row are gven.
These data are ontyven for the failed specimens.




TABLE 4. DIAMETER (mm) OF THE RVET FORMED HEAD FOR THE RYETS IN THE
CRITICAL ROW

Specimen Cle C2e C3e

rivet number
17 4.91 4.81 -
18 4.92 4.80 5.21
19 4.85 4.84 5.11
20 4.92 4.84 5.14
21 4.82 5.09 5.08
22 4.99 4.94 5.14
23 4.85 4.68 5.24
24 4.78 4.75 -

average 4.88 4.84 5.15

Specimen Cde Che C5f

rivet number
13 4.56 - —
14 4.86 4.77 4.80
15 4.79 5.01 4.77
16 4.94 4.87 4.72
17 4.61 4.82 4.42
18 4.82 - -

average 4.76 4.87 4.68

Specimen Cla C2a C3a Cda C5a Céba

rivet number
1 —_ —_ — —_ — —
2 4.86 5.05 4.91 5.20 5.53 5.20
3 5.08 5.04 4.74 5.11 5.42 5.11
4 5.08 5.08 4.90 4.98 5.08 4.99
5 4.94 4.98 4,86 4.91 5.47 4.92
6 4.96 5.30 4.96 4.85 5.27 4.86
7 4.89 4.90 4.95 4.72 5.02 4.71
8 5.15 5.00 4.98 5.07 5.13 5.07
9 5.08 5.05 4.76 4.97 5.15 4.96
10 5.22 5.09 4.88 4.74 5.36 4.74
11 4.76 5.15 4.95 4.82 5.08 4.82
12 5.21 5.03 4.84 4.88 5.19 4.88
13 4.86 5.13 4.80 4.89 5.08 4.71
14 4.84 4.87 4.94 4.77 5.14 4.78
15 4.99 5.09 4.87 4.94 5.02 4.93
16 5.04 5.15 4.93 4.85 4.91 4.85
17 4.75 4.98 5.00 4.87 5.37 4.87
18 4.63 5.26 5.01 4.92 5.23 4.92
19 5.14 5.04 5.21 5.10 5.14 5.10
20 5.07 5.04 5.12 4.89 4.86 4.88
21 4.66 5.06 5.03 4.78 5.42 4.78
22 4.81 4.88 4.89 5.10 5.04 5.10
23 4.73 5.10 5.10 5.08 4.98 5.08
24 — - - - — -

average 4.94 5.06 4.94 4.93 5.18 4.92
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Figures 9 © 31 presenthe st resuts of each speaien. In thesefigures the specmen
configuraton and he appled loadng are gven. For those speanens with cracks,the crack
initiation and thecrack growth ae given as a fundion of thenumbe of applied loading ¢ycles.
After the falure of he speanen, the fracure surfaces werewstied usng a bnoculr. For each
failed speamen, a skeath of he fracure surface was ade ndicaing the locatons of crack
initiation and the extensions of thefatigue cracks up to fdure. The results of the SPATE
measurerants are preseet in figure 32.

160 mm

\F’/—\/\M\ ~NT Dimensions of specimen: see figure 3
17,18 19 20 21 22 23 24
+ + + £ £ + + F I Loading: CA R=0.1
biaxial
- | 0 g e s e | e L 51 max = 945 MPa
%2 G 6 max = 46.0 MPa
1 2 3 4 5 6 7 8 see table 2
TL L H- ( )

countersunk formed head
side side

no cracks found; test stopped at 500 kilocycles

FIGURE 9. RESULTS FOR SPECMEN Clc

i_ 160 mm j,
do,
_ " ~—— ~— NT Dimensions of specimen: see figure 3
——————————— - M
17 18 (19 20 21 22 23 24
+ + + + £ + F + I Loading: CA  R=0.1
uniaxial
240 g gy e s e - 01 max = 94.1 MPa
(see table 2)
TU R . B R . I
— T N — —— — "E
Yo

countersunk  formed head
side side
no cracks found; test stopped at 500 kilocycles

FIGURE 10. RESULTS FOR SPECMEN C2c
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\_/\_/_\-M-\ o~ g . . .
™ Dimensions of specimen: see figure 3
17 18 19 20 21 22 23 24
+ + + £+ + £+ 21 Loading: CA R=0.1
uniaxial
240 g g2 e e s e H- O1 max =922 MPa
(see table 2)
4
T R R L g -

countersunk formed head
side side

no cracks found; test stopped at 500 kilocycles

FIGURE 11. RESULTS FOR SPECMEN C3c

~—_ T — ~— ~NT Dimensions of specimen: see figure 2

Loading: CA R=0.1

uniaxial
L L L T 01 max =94.0MPa
(see table 2)
TL . II.
1 1

countersunk  formed head
side side

no cracks found; test stopped at 500 kilocycles

FIGURE 12. RESULTS FOR SPECMEN C4c
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do,
\_//_\/—\——/\—'—§ . . . .
™~ Dimensions of specimen: see figure 2
13 14 15 16 17 18
A e e S il Loading: CA R=0.1
biaxial
S A B L L e O+ max = 926 MPa
RSP G 02 max = 46.3 MPa
4+ 4 .|_3 £ P _}_6 1. (see table 2)
Yo,
countersunk  formed head
side side
no cracks found; test stopped at 1000 kilocycles
FIGURE 13. RESULTS FOR SPECMEN C5c
Dimensions of specimen: see figure 4
480 mm
do,
\M_ N~

ALY P+ ++ 4+ ++ P+ P+ F -

- | Pr+++L+++ P+ +++F++++ P+ | = M

L P+ + + P+ ++ P+ D+ + A A
¥
Loading: CA R=0.1 countersunk  formed head
biaxial side side

01 max = 94.0 MPa

02 max =47.0 MPa
(see table 2) no cracks found; test stopped at 1000 kilocycles

FIGURE 14. RESULTS FOR SPECMEN C2a
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Ao,
~—~—— T — — ————
_}_13 _*_14 _+_15 _*_16 _+_17 _*_18
e e e
R R
— T N e

Dimensions of specimen: see figure 2

Loading: CA R=0.1
uniaxial
01 max = 94.0 MPa
(see table 2)

formed head

no cracks found; test stopped at 500 kilocycles

FIGURE 15. RESULTS FOR SPECMEN C4d

T R
R

countersunk

Dimensions of specimen: see figure 2

Loading: CA R=01
biaxial
01 max = 92.2 MPa
O1 max = 46.1 MPa
(see table 2)

formed head

no cracks found; test stopped at 1000 kilocycles

FIGURE 16. RESULTS FOR SPECMEN C5d



_ " — ~NT Dimensions of specimen: see figure 3
17 18 19 20 21 22 23 24
+ + + £ + £ & + 1T Loading: CA  R=0.1
uniaxial
£ 40 g 28 e g5 18 11 01 max = 94.2 MPa
(see table 2)
L R I R .
/—\/—\/_\_/W" -
Yo
countersunk  formed head
side side e crack iniation
position
countersunk side
cycles 18 19 20 21 22 23
(103) L R | L R | L R | L R R | L R
275 O O
1.0 4.0
280 —(O
1.4_0 4.5 1.2
285 —0O —O-
1.7 4.8 1.6
290 O —O—
2.3 5.5 2.3
295 — —(O—
2.5 6.2 2.8
300 —~—O —O-
3.3 7.0 4.0
305 ) —
4.0 1.5 1.5 8.0 4.5
310 —( —O
4.8 1.5 4.5 48 |11.5 7.6 2.0—0
311.32 FAILURE
g
i
£
Note: All crack lengths are in mm
(NN ; M) 7Y ; A FANY ; Pal Y ; Fa)
j i i no fatigue = 1
21 22 23 24

FIGURE 17. RESULTS FOR SPECMEN Cle
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T~ T T ~T Dimensions of specimen: see figure 3
i7 18 19 20 21 22 23 24
+ + + £ £ & + I Loading: CA  R=0.1
uniaxial
E R . - 51 max =936 MPa
(see table 2)
TL R L B -
\/‘\/\_—/\_/——\/-’ —4
Yo,
countersunk  formed head
side side e crack iniation
position
countersunk side
cycles 18 19 20 21 22 23
(103) L R | L R | L R | L R | L R | L R
50
100
150
200 O | —O0— | O
0.5 15 | 100 105 | 5.6 27
201 O—7-0— | O
28 115 | 65 5.2
202 O O —OO—"T—0—
1.0 1.1 08 |60 122 | 7.2 10.0
202.20 FAILURE
N
i

Note: All crack lengths are in mm

] ) 1 t ]
N I ATZ hld T (/74 RV 1PN RN W N A
L Lno fatigue ' l | ' ' no fatigue -24

1
T
17 21

FIGURE 18. RESULTS FOR SPECMEN C2e
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do,
~ T — T ~T Dimensions of specimen: see figure 3
17 18 19 20 21 22 23 24
A0 e e S L T Loading: CA  R=0.1
biaxial
LS LS T L R L L 6’ S 61 max = 94.5 MPa
2 G2 max = 46.0 MPa
+1 _+g _{_3 -{3 +5 +s -IZ _{g 1N (see table 2)
e TN — A —tLr
Yo
1 countersunk  formed head e crack iniation
side side position
countersunk side
cycles 18 19 20 21 22 23
(10%) L R | L R |L R |L R | L R | L R
250 2 O
255 28 O
261 35 O 15
265.5 e 45 O 28
270 2 O 5 O 35
275.5 3 O 55 O—,
280 3.5\0 6 O 4s
286 SO |, O
2915 s O— | O7 |0
297 50— |2 O | O,
300 1115 - S EET © 2 B © ey
— pa m—
301 125 . 135 O | \Oﬁ
B —1
O [ ~O—
302 1 O |1 rr A
302.5 T85O ]1s O | O | O
303 2 0O TO\B%_?O/_\O/"*’\O’T
’ I
303.4 FAILURE b
Ninte: All crack len gths are in mm , , , ) | '
5 T A N ! N 2N ! PANWN\WY///7722 ! f??\\\\\\\\\ lf,\ ¥ fﬁ N Y ! ﬁ D T ﬁ /\j Fa\
1 |7 I ‘ I ' I—L' o fatigue 2|4

FIGURE 19. RESULTS FOR SPECMEN C3e
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FIGURE 20. RESULTS FOR SPECMEN C4e

28

\N\_/\,ﬁ\ _
M Dimensions of specimen: see figure 2
+13 _*_14 _+_15 _*_16 +17 _{_]8 ] '
Loading: CA R=0.1
uniaxial
7 8 9 10 11 12
+ £ + £ + + m G1 max = 93.0 MPa
(see table 2)
T N e
/——\\/_\/V\_/— —3
Yo,
countersunk  formed head
side side e crack iniation
} position
countersunk side
cycles 13 14 15 16 17 18
(10%) L R | L R | L R | L R L R | L R
175 e
180 24 : ‘1.7
190 37 : ‘-246
195 O
200
5.0 4.1
205 27 : 2.0 5.8 : 4.6
208 3.3 0\2.6 6.4 5.1
211 37 2.9 7.0 5.9
214 42 :\3.6 0.4 : 1.0 | 8.0 : 6.6
217 O_LO 5.0 : 42 | 01 : 06 | 1.6 : 21 |91 : 76 | 15 O
218.57 FAILURE 8
Note: All crack | engths are i n mm
1|3 i L 1 1 1l8



120 mm

T

—e

13

FIGURE 21. RESULTS FOR SPECMEN Cb5e

N2c-€858

do,
—~ T — " - . .
Dimensions of specimen: see figure 2
_’_13 _*_14 _’_15 +16 _*_17 +18 || .
Loading: CA R=0.1
7 8 9 10 11 12 biaxial
+ + + + + + - T O1 max = 94.5 MPa
O, 02 max = 47.2 MPa
+ £ £ L S - (see table 2)
/—\_/_\/—\__/\/— -
Yo,
countersunk  formed head * crack indication
side side e crack iniation
position
countersunk side
cycles 13 14 15 16 17 18
(103 L R | L R | L R | L R | L R R
3125 « O s
822.5 0.5 O 05 | 1.0 O 2.0
330 1.5 O 15 | 25 O 3.0
335 2.0 0 25 | 25 -O- 4.0
340 25 O 30 | 35 O 5.0
345 'O~
O * O 0.5 | 3.0 O 35 | 4.0 5.5
350 Q 1.0 O 20 | 4.0 04.5 5.0 6.5 | * O *
353.75 O
Q 1.5 O 25 | 50 0 55 | 6.5 75 | 15 O 1.5
355 O 15 | 05 0 30 | 6.0 : : 8.5 | 3.0 O 2.0
356.25 O 25 | 1.0 O 40 | 70 O ® 95 |35 2% 3.0
356.95 FAILURE
Note: All crack len gths arein mm
C AT 75 Mm/ﬂ/f,ﬁ I zHQ\\\\ 720



Dimensions of specimen: see figure 4

I 480 mm ,
Ao, 7’
—~—_—— e — T~ 0 ~——

F PP+ +++ P+ +++ P+ + + P+ + -

- | P+ ++ P+ ++ P+ P+ B+ | =

4 71

L P+ ++ + P+ + P+ B+ H-

—_—— T~ P | P2
Yo,
Loading: CA R=01 countersunk  formed head
biaxial side side

01 max = 94.0 MPa

02 max =47.0 MPa
(see table 2)

* crack indication

o crack iniation
position

countersunk side

Cydgs 1/2|3|4|5|6(7 8|9 [10(11{12 |13 |14 (1516 [17 {18 |19 20 |21 |22 |23 |24
(10%) LRLRLRLRILRLRLRLRILRILRILRLRILRLRILRLRLRLR|LR|LR|LR|LR|LRILR

225 o
I x 45
250 o
[1.5 55
262.5 o
0 » B0 75
275 =
RO 05 45 9.0 eball
282.5 = 71" indentation
B0 05 7.0 9.0
B.S5 0.5 85 9.0
297.5 oo
85 1.0 9.0
302.5 —o-| oo
307.1 FAILURE

NS|-92¢#0

Note: All crack lengths are in mm

FIGURE 22. RESULTS FOR SPECMEN Cla
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P+ ++ 4+ ++ P+ ++ P+ S

P4+ + P+ P+ S+

Failure mode
1 2 3 4 5 6 7 8 )
' | 1 ] s | \ ;
[ 5] 7~ 7 17 AR | | | |
4 . [ L | t 4 H 1
0 fatigue 0 fatigue
-overioad failure outside plane of net section
9 10 11 12 13 14 15 16 @
[ 1 N7~ Vo Iaxy N7 VAN WA\ AX PN ] ﬁ’g
! HL Pt Pt [ P j : 'z
no fatigue 0 fatigue
17 18 19 2[0 21 22 23 24
[ X a2 A7 A7

overload failure outside
plane of net section

FIGURE 22. RESULTS FOR SPECMEN C1la (CONTNUED)

Dimensions of specimen: see figure 4

F L L+ + + P+ + B+ P+ H-

P+ ++ 4+ +++ P+ + P+ P+ =

)
2
Pr L+ + P+ + P+ B+ O -
- 1 /k
Yo
Loading: CA R=0.1 countersunk  formed head
biaxial side side

01 max = 94.0 MPa

G2 max = 47.0 MPa

No cracks found; test stopped at 1000 kilocycles
(see table 2)

FIGURE 23. RESULTS FOR SPECMEN C3a
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o 47 4
_*_10 _’_11 +1_2
4 5 ‘i§

i

Dimensions of specimen: see figure 2

Loading:

CA
uniaxial
O1 max = 92.5 MPa
(see table 2)

R =01

countersunk  formed head
side side o crack iniation
position
countersunk side
cycles 13 14 15 16 17 18

(10%) L R | L R | L R | L R | L R | L R

50
100
120
140
150 0.3 ~O~o.1
155 1.7AO/1 4
160 2.5_0_2.6
165 3.1_07.3 0.6 ‘0_1.1
170 2.0 S 0.9 4.2“0—1;.2 1.2 Ho—_m
175 2.71 16 5.-5__0_/5.6 2.7 D—z.o 16 —02.3
180 3.75 26 O- 15 |75 S 7.3 4.;©— 3.4 2.5 “O#z.g
182 FAILURE ;

Note: All crack | engths are i n mm . ' . '
W"1:3 /),\ % FANY %_!_ﬁ\\\\\\\ ///ﬁ ! m\\\ ?f\ % /T\\\ /iﬁh1 1lla‘ﬂ\\\\xrl

FIGURE 24. RESULTS FOR SPECMEN CA4f

32



120 mm

b —_— — o — —_—— ]

_‘_13 _+_14 +}5 _{_16 _}—17 _*_18
T R

S B

o

Yo,

——— N T —

countersunk

side

formed head

side

Loading: CA

Dimensions of specimen: see figure 2

R=0.1
biaxial

01 max = 93.5 MPa
62 max = 46.8 MPa
(see table 2)

e crack iniation

position
countersunk side

cycles 13 14 15 16 17 18
(103) L R | L R |L R | L R | L R|L R
2125 O,
237.5 0.5 C 1.0 O-—z.s
242.5 0.5 C 25 C 45
2475 1.0 C 3.0 0.5 C 6.5
252.5 —QO— O O

15 35 05 | 1.0 6.5
257.5 —~)— O— —()—

2.0 4.0 20 {25 7.0
260 () O O— —()—

3.0 5.0 1.0 25 |30 75
262.5 O —) O— —)— —( )

20 | 40 50 | 1.0 2.0 30 |35 95 | 55 3.0

263.43 FAILURE

N81-92¥D

Note: All crack | engths arei n mm

FIGURE 25. RESULTS FOR SPECMEN C5f
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Dimensions of specimen: see figure 5

L 480 mm ,
do, !
-— e T~ e

AL+ +++ 4+ ++ P+ + P+ H1-
- | P+ ++ 4+ ++ P+ P+ P+ =

L P+ + P+ O+ P+ -

Yo,

Loading: CA R=0.1 countersunk  formed head
biaxial side side
O1 max =94.0 MPa * crack indication
02 max =47.0MPa e crack iniation
(see table 2) + position
countersunk side
cycles 1/12(3({4|5|6|7 |89 (1011|1213 |14 |15 (16 [17 |18 |19 |20 (21 |22 |23 [24
(103) LRLRILRLR|ILRILRLRLR[LRLRLR|ILRILRILR|LRILRILRILR|LR|LR|LR|LR|LR|LR
450 %
460.5 %
470 o
480 o
BO
490 o
B5 1.0
500 o
510 oo
520 o*
530 &
540 FJ8
N
547.5 o]
550 o
1]
552.5 o
555 o
565.5 aka
* R0
556.9 FAILURE ]

Note: All crack lengths are in mm

FIGURE 26. RESULTS FOR SPECMEN C4a



\W\,‘ﬁ

Pt +++ P+ ++ P+ + O+ S+

48

L L4+ + P+ P B+

—_— .

Failure mode
1 2' 3 4 5 6 7
1 NTA ST N& ~17 T 7TS 17
i  f Pt ' Pt AR Yot
no fatigue
9l 10 11 12 13 14 15
7S 17~ 7N WA 1/{////@NWANNNS////A WX NN/ AN WANNY\/AN WA\ AN WA
R t et IRHE FHte Tirt IRHE Pt
17 1|8 19 20 21 22 23
VAN WA ~17 ~17 A 4 <17 17 ST7
[ ' . H : ' '

}—— overioad failure outside plane of the net section

FIGURE 26. RESULTS FOR SPECMEN C4a (CONTNUED)
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Dimensions of specimen: see figure 4

FELPL P+ +++ 4+ ++ P+ +++ P+ + &

- | Pr 4+ ++ P+ ++ P+ P+ B+

8

+ 24+ ++ P+ B+

—_—— T~

Yo

Loading: CA

biaxial
G{ max = 94.0 MPa
02 max =47.0 MPa
(see table 2)

R=0.

1

countersunk
side

formed head

side

e crack iniation

position
countersunk side
cycles 112134 |5(6(7 8|9 (10(11{12 (13|14 |15 |16 {17 (18 |19 |20 (21 |22 |23 |24
(103) LRLRILRLRILRLRILRLRILRLRLR|ILRLRLRLR|LR[LRILR|ILR|LRILR[LR[LR[LR
1.0105
587.5 o-|
10.5|2.0
595 o| ©
50
600 [~ 1o
16.0
602.5 oo
604.84 FIAILU|R E

Note: All crack lengths are in mm

FIGURE 27. RESULTS FOR SPECMEN Cb5a
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1 2 3 4 5 6 7 8
/WP NN/ W AW VAN 4 Tz ol /AN I ~ 1 VAN WAY
| Tt P T [ j i tE
no fatigue
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no fatigue
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——no fatigue — ‘——-» overload failure outside plane of the net section

FIGURE 27. RESULTS FOR SPECMEN C5a (CONTNUED)
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Dimensions of specimen: see figure 4

FE L L+ +++ 4+ ++ P+ +++ P+ ++

- | P+ ++ P+ ++ P+ P+ Pt

Fr P+ ++ P+ + P+ P+

-y

_— T

Loading: CA R=0.1
biaxial
G1 max = 94.0 MPa
02 max = 47.0 MPa

Yo,

>___
— H—
G2
b —4
countersunk  formed head
side side

e crack iniation

position
countersunk side

cycles 11234 (5|6|7 (8|9 (10|11 |12 13 ({14 (15|16 |17 |18 |19 |20 {21 |22 |23 |24
(103 LRLRLRLRLRLRILRILR[LR[LRILRLR[LRILRLR|LRJLR|LR|ILR|LRILR|LR|LRILR

135
434.5 oo

19.0

437.92 FAILURE

Note: All crack lengths are in mm

FIGURE 28. RESULTS FOR SPECMEN Cé6a
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FELH P+ ++ 4+ 4%+
Pr+++ P+ ++ P+ O+ Pt

Fr P4+ ++ P+ + P+ P+

—_—

Failure mode

1 2 3 4 5 6 7 8 :
St 7 ~ AN 4 N1 7 A4 AN V4 A\ V4 N i

i ' : ' ; : | t !

overload failure outside plane of the net section 4—{ Lno fatigue
9 10 11 12 13 14 15 16 ©
~ 17 W2 ~1 4 1 SNA 7 L) Iz 8
K T ! : o : T ! s
no fatigue

17 1§ 19 20 21 22 23 24
N7 1 IWAY N1z A JaNE| V4| V{a{(Sds e\l
l ' | i ' i ] P e '

no fatigue

FIGURE 28. RESULTS FOR SPECMEN C6a (CONTNUED)
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480 mm

Dimensions of specimen: see figure 5b

:

1.2 3 45 10 15 20 25 30
+++++++++++F+F AR+
- -
++ ++++++++++++++ A+
G, 31 35 40 45 50 55 59 O,
1o,
Loading: CA R=0.1 countersunk
side

biaxial

01 max = 94.0 MPa
02 max =47.0 MPa
(see table 2)

formed head
side

#» crack indication

()

crack length determined with Eddy Current

countersunk side
cycles 112(314(5|6|7[8|9 [10]111{12[13({14|15(16{17(|18[19 {2021 22 23 [24 25 26 P7 P8 29 30
(103) LR{L R{LRILRIL R|L R|L R|L RIL R{L R|L R{L RIL R|L R{L AL R|LRIL R{L RILR|L RILR|LR|L RIL R|L R|L R|L R|LRILR
100 %
110 E
120 "3
130 BN
6.5 1.5(3.0)
132.5 o~ [0
p.53.5p5
135 S N
[1.04.0B5 *|
137.5 o
B.04.54.5 1.5
140 o |-o~
* & *B.54.54.530
142.5 o [o-|o-
*x |%x (F0)(24) *P.5556.03.0]
145 o] 0o|T o |"o=| T
% [1.5 o025 4.5
1475 o[ |T oo~ro-
& %|2.5)%4.04.5 RS 20
150 oo |o “otrototo
* R[1.0)%4.0205.045% *|% ks 6.0
152 o|™|T|OC|T| O o oo
* *P030J0 65B010[% Bo 30
153 o | T|oToTo|T| o O~ OO
153.317 FIAIILURIE

Note: All crack lengths are in mm

FIGURE 29. RESULTS FOR SPECMEN D3a
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Failure mode

FIGURE 29. RESULTS FOR SPECMEN D3a (CONTNUED)
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Dimensions of specimen: see figure 5a

o 480 mm |
do, 'l
\m_ N~

12345 10 15
P Pt % o+ S s B P L
- —
t++++++ A+t AR+ o+ H—
O, 30 35 40 45 50 55 59| Oy
/—WL —L~
Yo,
Loading: CA R=0.1 countersunk  formed head
biaxial side side

O1 max = 94.0 MPa
02 max =47.0 MPa
(see table 2)

* crack indication I

formed head side

cycles 30(31(32{33(34 3536 37 38 39 |40{4142 (4344145 |46 |47 |48 |49 |50 |51 |52 |53 [54 |55 |56 |57 |58 59
(103) LRLRILRLRLRILR|ILRILRLR|LRLRILRILRILRILR|ILR|LRILR|ILR|ILR|LR|LR|LR|LR|ILR|ILR|LRILR|LRILR
1125 o

B.53.0 0
125 o o

05.0 *[.02.0
130 o o

*B5 1.0 ® 70R0 %
135 o-| oo oo~ | o
137.48 FIAIIL U RIE

Note: All crack lengths are in mm

\m_

- ————— e e — — — — — — — — — e — — —

4 1 1 20 25 9
R Pt + 4% P P+ Pt B
+ Attt ——
30 35 40 45 50 55 59

. T~ T

Failure mode: crack at formed head side

FIGURE 30. RESULTS FOR SPECMEN D4a
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Dimensions of specimen: see figure 5a

L 480 mm .
’01 MI
\Mh \,N
+1+++4+§++++++++++15+++++++-t-++25+++f9 -
- —
t++++++++++++ A+ o+ H-
O, 30 35 40 45 50 55 53| O,
—_— ) T —L-
Yo,
Loading: CA R=0.1 countersunk  formed head
biaxial side side
G1 max = 94.0 MPa
G2 max = 47.0 MPa
(see table 2)
* crack indication I
countersunk side
cvcles 1123|456 |7 (8 {9 [10]11({12|13|14(15|16/|17[18]|19|20/21 (22123 |24 [25 |26 |27 [28 |29
\4
(103) LRLR|LRLR[LRILRILR[LRLR|LRLR[LRILR|LR|LR|LRILR|{LR|LR|LR|LRILARIL RILR|LRILRILRILR|LR
106.250 o'
112.500 e
*E530p015
118.750 o ||
I E P
122.500
124.000 Sk nasit)
505B.5 9.05.025 %
125.000 “o-| oo To 0| o
.00.54.0 9.5p.54.5p.00.5
125.500 “o-| T oo oo~
p020[T0 95556.05.06.5]
126.000 “o-[ oo oo oo
ko 65[1.005
126.500 oo oo oo
126.706 FAILURE §

Note: All crack lengths are in mm

FIGURE 31. RESULTS FOR SPECMEN D5a
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Dimensions of specimen: see figure 5a

\__NW_ e~
434-24913'4-5++++-130++++435+++++2°+++++25+++39 1.
-+ —
t++t++++++++++ A+ HH—
G, 30 35 40 45 50 55 59| O,
—_— ) T AL
Yo,
Loading: CA R=0.1 countersunk  formed head
biaxial side side
01 max = 94.0 MPa
02 max = 47.0 MPa
(see table 2)
* crack indication l
formed head side
cycles 30{31{32|33|34 (35 (36 [37 38 39 |40|41[42|43 (44 {4546 (47 |48 49|50/51|52|53 |54 55 [56 |57 |58 |59
(103) LRILRLRLR|LR|LR[LRILRLR[LRILR|LRLR[LR|LR|LR|LR|LR|LR|LR|LRILR|LR|LRLR[LR|LR|LR|LR|LR
112,500 '
25
118.750 o
*35
122.500 o
* 035
124.000 °
*f540
125.000 o |
*PS5S0] kik1S
125.500 o |T|o]o
* 10p550] *[k15
126.000 o|opo o
102.0p55.00525p.525
126.500 o o O o "
126.706 FIAIL Y R|E g

Note: All crack lengths are in mm

FIGURE 31. RESULTS FOR SPECMEN D5a (CONTNUED)
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HIVE FUNCTION

BIAX! SCHARL

FIGURE 32. RESULTS OFSPATE MEASUREMENTS

7. DISCUSSION.

7.1 GENERAL REMARKS.

The test results show tha no faigue cracks ocurred in the riveted lgp joints béow 500
kilocycles as long as the bonding was fully or partly intact. This conclusion holds for all
riveted/bonded specimens tested whether #reyuniaially or biaxally loaded or whethethey
are wide or narrow.

All the specimens with degded bondingor without bondingshowed multiple-sitefatigue
cracking (exceptspecimen C3a).

Sometypical characteristics of fatigue crack initiation and faigue crack growth will be disausse
for specimen Ce (figure 17).

For specimen Cle the measured cracks started at rivet 18 left and at rivet Eol@fthe final
crackconfigurationit canbe seen that these cracks started at the end of the countersink near the
cylindrical part A through-the-hicknesscrack hen devedped hat becane visible atthe ouer
surface as soon as it haagn outside the countersink.

At rivet 18 richt and at rivet 19 left, fatige cracks initiate@t the faying surface. Thesecracks
grew a brge exent before hey becane through-the-hickness cracks and becamisible atthe
outer surface.
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Fromthe fracture surface it can be seen that éi&tigracks initiated from nearbll rivet holes
and hata nunber of cracks iggw sufficienty large to causelie final specimen failure.

The dah were examned b see fi there was a ralionshp betveen rvet squeee force andhe
locationof fatigue crack initiation. The diameter of the rivet formed head is taken as a measure
of the squeez force. Fromtable 4 he folowing diameters aredken:

Speimen Cle
Rivet No. 17 18 19 20 21 22 23 24

Diameter Formed | ;91 | 492 | 485 | 492 | 482 | 499 | 485 | 478
Head in mm

It might have been expected thd alarge squeze force, resulting ina large head diameter, causal
a large clanmping force n the wo pars. This would decreasehe lbadtransferthrouch therivet
and increase the load transfer fiogtion. In that casecgrackinitiation on the faying surfaceis
more likely to occur. On the oher hand smll squeee forces mcreaselte lbad tansfer hrough
the rivets and then crack initiation from the end of the countevemid be morelikely. Rivet
18 hasoneof thelarger diameter formed heads: fatigue cracks sirted from the rivet hole atboth
sidesand from the faying surfaceat the right side. Rivet 19 has one ofhe snallest diameter
formed heads showing similar pattern as rivet 1&Rivet 24, havingthe smallestformed head
diameter, does not show fatig crackingat the left side of the rivet hole at all.

It appears to bedifficult and possiblyimpossibleto rdate fatigue crack initiation location directly
to the riveting squeee force ndicated byrivet head dameter.

From table 3 it can beseen tha thelife of thespeimens from inspetable crack length to falure
is 20% or less of the total fatig life. The life of the specimerfsom thefirst linkup to failure is
less then 5% of the total fatig life. These percentag are similar to those found in reference 1.

7.2 COMPARISON OF COUNTERSUNK RYETED AND DIMPLED RIVETED LAP
JOINTS.

The dimpled riveted lap joint specimens(D3a, D4a, D5a) have inferior fatig properties
comparedo the fully unbonded countersunk riveted specimens (C4a, C5a, C6a) as is shown in
thefollowing table (taken from tale 3):

Kilocycles Kilocycles Kilocycles
Spesimen No. First Crack First Linkup Failure
D3a 120 148 153
D4a 112 135 137
D5a 112 124 127
Averag 115 136 139
C4a 460 548 557
Cha 588 600 605
Cé6a 434 434 438
Averag 494 527 334
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There are wo reasons forhis difference. First, the dmpling process causesrfe phsic
deformation in thevicinity of therivet hole This @n lead to exly crack initiation; in particular,
initiation of circumferential cracks at the exlgf the dimpled countersinkSecond, the dimpled
lap joint hasonly two rivet rows whereas the countersunk joint has three rivet rGws. loads
transferred by rivet row in the dimpled joint is Higr then that for the countersunk joint.

7.3 THE EFFECT OF THE BNDING QUALITY .

The influence of the bondinguality on the fatigie life of therivetedandbondedlap joints was
investigated. Four bondingqualities were tested:

a. Fully bonded.
b. Partlybonded to simulate manufacturiagors.

C. Degadation of bondingfully bonded, then torn apart and rivetedhiagto simulate
bondingdegadation in service.

d. Fully unbonded.

The fully bonded and the partyonded specimens did not fail bel®@0 kilocycles(seetable 3)
independent of the specimen width and the loadmgdition (uniaxal or biaxial). From these
resultsit is concluded that as loras at least a part of the bondiisgntact, for the stress level
tested, fatige of a riveted/bonded lap joint will not be a problem.

The resultsfor the specimenswith bonding degadation can be compared to the results of the
fully unbondedspecimens.Thecomparisorwill be made for the specimen width and the loading
condition separately

The followingaveragd values have been derived from table 3:

Bonding Degradation Fully Unbonded
Specinen | Loading Specinen First Crack Failure Specinen First Crack Failure
Width Condition | Numbers | (kilocylceg | (kilocycleg Numbers (kilocylceg | (kilocycleg
narrow uniaxial Cle, C2e, 217 244 CAaf 150 182
Cle
narrow biaxial C3e, e 282 330 C5f 213 263
wide biaxial Cla, Ga* | >612(225) | >653(307) | C4a, C5a, 494 533
Cba

*Specinen C3a did rot fail.

In all casest is observedhatthe specimens with degmped bondingerformed better then the
fully unbondedspecimens.Probablythe remainder of the bondvgs exra friction between the
two joint parts, which lead to &= load transfer byriction. Then, less loads have to be
transfared bytherivets whidh is baneficial for thefatigue life of thejoint.
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7.4 COMPARISON OF WIDE- AND NARROW-SPECMEN RESULTS.

Theinfluenceof the specimen width can be studied for countersunk riveted specimens that were
biaxially loaded and for the different bondingnditions.

None of the fullypbonded specimens, wide or narrow, failed.

For the specimenwith bondingdegadation the followingresults were derived from talie

Speimen Specimen First Crack Failure
Width Numbers (kilocycles) (kilocycles)
narrow C3e, C5e 282 330

wide Cla C3a* 225 307

* Specimen C3a did not crack.

For the specimenwithout bondinghe followingresults were obtained:

Speimen Specimen First Crack Failure
Width Numbers (kilocycles) (kilocycles)
narrow C5f 213 263

wide C4a,Cha,Cba 494 533

For the specimens tested with bondohggadation, the wide specimens had a relativehger
fatigue life from crack initiation to failure compaed to the narow sp&imens. In the wide
spesimens, cracks occurred & a limited numbe of rivets and not & dl rivets simultaeously. It
took some time before these cracksvg to such an égnt that theresidualstrengh of the
spesimen was substatially affected.

The comparison of the results of the unbonded specimens was somewhat hadogpéred
different ggometry of the riveted joints. For the narrow specimen C5f, two 0.2-mm-thick
aluminium foils were used erroneoughgtead of one foil.This lead to more secondargnding

in the joint which resulted in ashorte fatigue life. In the wide speimens C5aand C6a no
aluminium foil was used.This lead to less secondabpgndingand lon@r fatigue life. Only
specimen C4a was mde corredyy.

8. CONCLUSIONS

Uniaxial and biaxial tests wee carried out on I@ joint speimens rgresentaive of the fusdage
longitudinal skin splices of a commercial aircraft in which MSD has been found during
operational usag From the test results the followirogpnclusions can be drawn:

. The dimpled, riveted lgp joints show infdor fatigue propeties compaed to the
unbondedcountersunkivetedjoints. The averag fatigue life to failure of the dimpled
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joints wasaboutone-quarter of the fatige life of the countersunk joints (139 kil@bgs
versus 532 kiloagles).

The riveted and bondedspecimensdid not fail within 500 kilocgles as longas the
bondingwas fullyor partlyintact.

The specimens with degded bondingbonded, torn apart, and riveted d¢thger) had a
25%-35% longr fatigue life compared to fullynbondedspecimens.The remainsof the
bondingcaused exa friction which increased the fatig life of the lap joint.

Thesmallspecimeng120,160mm) hadabout half the fatige life of the wide specimens
(480 mm) for the same loadimgndition (uniaial or biaxal) and the same stress levels.

The biexiadly loadedspecmens hada significant(35%-75%)longer fatiguelife compared
to similar uniaxially loaded sp&imens.

It was not possibleto rdate the crack initiation location to thediameter of the formed
rivet head (a measure for the rivetiiogce).

Thenumbe of cycles to crack initiation was themgor pat of thetotd numbe of cycles
to falure. The crack growth life from inspetable to falure was @ maximum 25% ofthe
totd fatiguelife.
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