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NOTATIONS

Syrtjbol K Unit

- mm
“mm
- kN
O mm
MPavm
 MPa.
- mm
. mm
rl mm ‘,

- mm
- mm

"egRITEraTompec
l

o,

o wPa
- MPa

aaxr <o o
}

-~ MPa .

mm

Descnption

Difference between sheet thlckness and counterslnk depth

~ Rivet diameter. o
Initial rivet diameter.

Young’s modulus.

Squeeze force,

Countersink depth.
Stress intensity factor.
Longitudinal direction
Differential pressure.
Rivetpitch.

 Radius. '

- Stress ratio. - ]
' Radial expansion. -

" Row pitch.

Sheet thickness

Biaxiality ratio.

- Appliedstress.
~ Nominal stress. ~

"','Rlvet head Protrusnon relatnve to sheet surface."'fif e
' Strain. | ‘
. Poisson’s ratio.

Vi
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INTRO'DU‘CTI’ON_' E i
-General (e

: Wthln the scope of the European Fuselage Program (Bnte Euram project 852040 [ref 1])' Sl

~ and m-house research on lap joint fatrgue Delft Unrversnty of Technology has mvestlgated R
" the fatigue strength of riveted lap joints in reduced-scale barel, curved panel and flat -~ = .

. panel design. Subtask 4.1 (Development of Building Blocks for Fibre Metal Laminates) . - <
.. covers the program definitions and the production of test specimens [ref. 2]. The results of RN

: - “subtask 4.1 are evaluated through testmg of longntudlnal lap jornts in subtask 6.1 (T estlng .

12«

y of Fibre Metal Laminate Building Blocks). This report contalns the results of the in-house i
G fprogram as presented in [ref. 3] and the results of the expenmental work agreed wnthxn the . N
..:-"__“"scope ofthe BE2040 program ' R RITEE S A L

. The objectrve is to compare reduced-scale barrels curved panels and ﬂat panels m terms B
of fatlgue performance Two types of skin material, namely GLARE 3 3/2-0.3 and 2024-T3‘. PSR
' clad, are investigated. A schematic illustration ofa GLARE 3 3/2 lay-up together with an SARE
7" overview of standardised GLARE configurations is shown in appendix A. The significance IR
" of coupon tests for the fatigue behaviour of a riveted lap joint in a fuselage is evaluated.
-~ Special attention_is paid to the. behaviour of reduced-scale barrel  specimens-in - .i
‘companson to flat speclmens leferences between ﬂat coupons and fuselages are .
'v‘{dlscussed based on calculatlons and expenments L AT e i

Outllne of the research

; = There is a srgmﬁcant dlscrepancy between fuselage and ﬂat coupon fatlgue behavrour ,
"From [ref 3] rt can be deduced that. ' e L S

- ., the fahgue Irfe of a srmple Iap jomt coupon tested under laboratory condmons and D E

srmllar nomrnal hoop stress, may be 5 trmes hxgher than the fuselage fatlgue life.

o 'o ';f the fatngue stress on the specrmen should be approxrmately 1.2 times hrgher than the ‘_: | o

g nomlnal stress rn the fuselage skm to obtaln a comparable fatlgue llfe

Thrs drscrepancy m fatlgue behavrour is pnncupally due to the fact that the complex loadmg_", , R

: 'condltlons of the fuselage, ie. blaxxallty ptllowmg and bendmg, are not accounted for. "

T "I]Other aspects, like secondary bendlng, are not similar and further enhance the difference
- infatigue performance between coupon and fuselage [ref. 3] To evaluate the mﬂuence of .
L several of these aspects the followmg |ssues are consrdered R TN TR

. 'k":a,,‘Anal\Ltlcal and FE calculatlons L ;

Deflections of fuselage skins wrth and w:thout frames are calculated analytxcally The more |

'complex behaviour of - nveted jomts in pressunsed (stlffened) fuselage sectxons |s_'.;’

L mvestxgated by use of 2 d and 3-d FE models

"’ © 1995 Structures & Materials Laboratory = . it  Ta s R S L P 1 B
* . Faculty of Aerospace Engineering, TUDelt -~ "= " s T N o
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_Fatigue strength of riveted lap joints , ~ Memorandum M-721

Flat specimens
" Flat panels are tested umaxlally and evaluated in tenns of fatigue behaviour. In addition, a

test set-up is developed in which lap joints are loaded biaxially. The connections of the

\ specimen to the rigs is performed with fibres to avoid restraint of stiff clamps.

\ Qurﬂaaml_
. A test set-up developed by Chen [ref 4] is used to investigate the effect of curvature and

_internal pressurisation for the fatigue life of riveted lap Jomts The spec1men is loaded
" uniaxially by internal pressure : ,

'Reduced-scale barrels
The test set-up has two rigid bulkheads, which enables mvest:gatlon of the contnbutlon of

~ frames for pillowing and hoop stress reduction. The cylindrical specimen is loaded biaxially

by compressed air. Fuselage bending effects are not accounted for. The mechanical
- behaviour of riveted lap ‘joints is investigated and compared to analytical results. The
” fatlgue behavuour is mvestxgated under biaxial pressure conditions. :

" Section 2 covers FE calculations and venﬂcatlon measurements In sectlon 3 the fatlgue

test results are evaluated

© 1995 Structures & Materials Laboratoty

Faculty of Aerospace Engineering, TU Deift :
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e 21 ’ Matenals V

R 22 Speclmens and test set-up G

ISR " protrudmg head nvets m orderto prevent prellmmary fatlgue fallure KRR

Two types of skm matenal namely GLARE 3 3/2-0 3 and 2024-T3 clad are mvestngated

" The nominal thickness of the 2024—T3 sheets is 1. 0 mm. The GLARE Iamlnate (nomlnal
thlckness 1.42 mm) is a standard productxon material build up of chromlc acid anodised - - R

' alumlmum Iayers with bare surfaces Blanks are taken from several productlon batchesv

Two types of lap Jomt geometry are mvestsgated one has 4 0 mm NAS1097AD flush head, AR L
nvets equally placed at a rivet pitch, p, and row pitch, s, of 20’ mm, the’ second type - B
contams 4.8 mm NA81097DD ﬂush head nvets wrth P and s equal to 24 mm 'The lap

jomts have three rows of nvets The alummlum rollmg dlrectlon is parallel to the lap Jomt :
 orientation (L-d:rectlon) o

" Rivet hole preparation is done usmg a table mounted dnll devrce and HSS dnlls Standard R
tools are used to’ countersnnk the holes The rivets are mstalled usmg a constant squeeze' o s
, force level of 14 kN for the 4.0 mm nvets and 22 kN for the 4.8 mm rivets. For this - “ .. - :
Purpose a computer controlled nvetmg devrce has been developed by the Structures and RERE

A R

Matenals Laboratory All specnmens are dry assembled

- ; : Reduced-scale barrel speclmens

jomt is riveted in the barrel test set-up using a hand rivet gun This jomt has four rows of E

vl .

GLARE 3 are not fully ﬂushed they protrude 0 1 mm above the sheet surface

the edges to the requlred barrel radlus The fi rst method of sheet preparatxon mtroduces;

behavuour of the three barrels ls compared to mvestlgate the effect of sheet preparatlon ,

" ©1995 Structures & Materials Laboratory . oo e o T e g
*-. - Faculty of Aerospace Engineering, TUDelt =~ . =" T DR AR : R A PR T

{f'(batch numbers unknown) e DU e R T T e L e P

k ‘Four cylmders are tested: three 2024-T3 Cylmders and one GLARE 3 3/2 0.3 cylmder A’ e
' schematlc illustration of the specimen confi iguration is shown in figure 2.1. The bamel -~
radlus is 613 mm, .the barrel length is ‘500 mm (effectnve length is 420 mm) and the
blax1al|ty ratio xis 0 5 (beyond the frames) A photograph of the test set-up is shown in - s v
~ figure 2.2 Each cyllnder contains four longltudmal riveted lap joints, spaced at 90° Three . =~ .
lap joints are riveted under constant squeeze force. The fourth joint, which is the closmg Sl

The GLARE barrel has two lap jomts w1th 4 0 mm nvets and one wrth 4 8 mm nvets Forf -
. the 2024-T3 barrels only 4.0 mm rivets are used The 4. 0 mm rivets in both 2024-T3 and JRTIICTEE

Two methods of sheet preparatxon are applled The sheets for two 2024-1’3 barrels are % RN
f' rst riveted, subsequently mounted in the test setoup and elastlcally bent to adapt the
barrel radius. The sheets for the thlrd 2024-T3 barrel are roll-formed except for 10 mm of . .

burlt in stresses the second resudual stresses due to plastlc deformation. The fatigue . -
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a3

The sheets for the GLARE barrel are rolt-formed mcludmg the 10 mm edges to the desired

-~ curvature.

In view of preventmg fatigue failures at the skin connections to the heavy steel pressure :

~ bulkheads, the cylinder ends are provided with bonded doublers Surtable drmensrons of

the doublers have been obtained by FE calculatrons

, Curved panel specrmens

The PFSTS (Pressurised Fuselage Skin Test System) set-up shown in the figures 2.3 and}
2.4 has been developed to investigate crack edge bulging, a typlcal phenomenon for .
curved sheet specimens loaded by internal pressure [ref. 4]. The specimens measure 500

“mm by 1080 mm and have a 2000 mm radius of curvature. The specimens are loaded

uniaxially by intemal pressure. The biaxiality ratio x is zero.

A flat, riveted lap jomt specimen is mounted in the test set-up and elastlcalty bent to adapt
the set-up curvature. Since the specimen is not connected to a bulkhead, there is a free
radial expansion. Except for the edge rivets, all other rivets are loaded by the same
membrane and bending stress. Additional edge rivets are installed to reduce the
secondary bending at the specrmen edges in order to prevent premature farlure because
of edge effects [ref 3]

Three specrmens are tested two 1.0 mm 2024-T3 clad and one GLARE 3 3/2-0 3. The lap

~ joint cont' igurations are srmllar for both matenals and contarn 4.0 mm rivets.

Flat panel specrmens
The specimen geometry is shown in figure 2.5. Two 2024-T3 lap jomts and one GLARE 3
lap joint, all three assembled with 4.0 mm rivets, are tested. Steel blocks are attached to

“the specimen edges (figure 2.6) to reduce secondary bending at these Iocatrons and
, consequently preventmg fatlgue crack initiation at the edge nvets ’

Test procedure

All fatrgue tests are performed under a room temperature test envrronment The maximum |

“applied stress in the undisturbed skin area is 97 MPa for 2024-T3 and 124 MPa for

GLARE 3 3/2-0.3. For the curved specimens, the corresponding levels of internal pressure
Ap are 0. 0485 MPa for 2024-T3 and 0.0868 MPa for GLARE 3. The corresponding Ap for
the reduced-scale barrels is 0.1582 MPa for 2024-T3 and 0.2832 MPa for GLARE 3. The
stress ratio R is 0.02 for GLARE 3 and 0.03 for 2024-T3. Frequency of testing is 0.07 Hz

for the barrels, 0.1 Hz for the curved specimens and 5 Hz for the flat specrmens

.During testmg, the 2024-T3 lap joints are mspected vrsually by use of an optrcal
- microscope. To detect small cracks and subsurface cracks in the GLARE 3 lap jomts the
Nortec 19e Eddyscope is used. This device enables the detection of cracks with a length

of 0.5 mm in the third aluminium layer subsurface [ref. 5]. At the start of the fatigue test,

© 1995 Structures & Materials Laboratory
Faculty of Aerospace Engineering, TU Delft
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" the eddy current response of each cnttcal nvet Iocatron is stored in the memory of the ) s

|

|

; NI f"“Eddyscope then small crack mdlcatlons will not remain undetected in the rivet response SN
Lo scatter. " ,

~oof the slrdmg probe on the 'specimen should be reproduclble to have unique responses. -

. For GLARE 3 3/2-0 3 (f gure 2. 7) cracks in the surface alumrmum layers (layers 3) canbe

"7 Forthis purpose, lines are drawn on the sheet surface to position the ruler along which the Sl

L probe is guided. The location of the shdrng probe should be adjusted to the crack lnmatlonv / :
¢ oo :7 7 location. For the GLARE 3 configuration investigated a sliding probe location at 1 mm .
. e dlstance from the  net. ‘'section in’ the direction of the ‘clamps . (fi gure - 2.8) prowdes',".

” i 7 detected with the Nortec SPO sliding probe operated at a frequency of 9 kHz. The location e 5

N (Iayers 1) are mspected wnth the same penctl probe at a frequency of 300 kHz

o Reduced-scale barrels

. -~ the pressure t bulkheads. -

47 'Addmonal remarks . I3 e

’-,

because the underlymg sheet is also countersunk yleldmg lower stahc and fatrgue strength '

{,ff)followxng resultsare deduced o e e B e

. satrsfactory results. The rmddle aluminium Iayers (layers 2) are mspected by use of a . "f‘, o
pencrl probe wrth a3 mm ‘diameter and operated at 50 kHz. The inner alumlnrum layers,; Ear

A Before fatrgue testmg, deflectxon measurements are performed by use of a lmear voltage s o
it dlsplacement transducer (LVDT), which is in contact with the sheet, outer surface (see .
“ figure 2.9). The’ out-of-plane drsplacement is scanned along vertxcat lines in Iongutudmal LR
,f}'ffy'drrectron The LVDT.is. "attached to a servo—hydrauhc frame allowing contour scans in - e
clrcumferentlal dlrectxon The dlsplacement transducer has |ts radrus reference pomt on‘

o . The use of a 4 0 mm ﬂush head nvet ln 1 0 mm 2024-T3 sheet provxdes a kmfe-edge ”'.}."?,.'_“?
" " condition, as illustrated in figure 2.10. In metal sheets a kmfe—edge is not allowed mamly R

(K. mcreases) When mstallmg the rivets force-controlled mstead of translatxon controlled, . TR
L “i.e. not the dnven head geometry but the squeeze force is the rivet parameter this knife-~
R edge condrtlon may be allowed provrded a hlgh squeeze force is applled From [ref 3] the , S

a Fatlgue tests on antx-symmetnc two-row Iap Jotnts have been performed The cntlcal rows S

_ . of these lap joints, schematically shown in figure 2.11, have either only countersunk holesf l
(type I)or non-countersunk holes (type Il). The advantage of thns type. of specrmen is that - -

fatxgue crackmg will occur at both end rows, prowded the nvets are equally squeezed and oy W

| ;'no lmperfectlons are present The results "of figure 2.12 show that the top row
PR conf iguration (i.e. the countersunk holes) is critical for the full range of squeeze forces.

Desplte the kmfe-edge condltIon stlll a significant life lmprovement of the countersunk S

" confi guratron for higher squeeze forces is obtamed lt does not perform sngmf cantly worse' e

o than the non-countersunk conf' guratton The hole’ expansrons are large close to the faymg |

D ',surface mtroducmg resrdual stresses whtch are favourable from a fatlgue pomt of V|ew PIRERCE b

e

" © 1995 Structures & Materials Laboratory -t et e e B
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Hole expansion and residual stress depend on the geometric ratio of sheet thickness to
rivet diameter. Therefore, specimens with different t/Dy ratios have been tested for a range
of rivet squeeze forces (5 kN to 41 kN). For identical rivet diameters equal squeeze forces -
. are used irespective of the sheet thickness. In addition, specimens were prepared to have
equal driven head dimensions of 1.2, 1.5 and 1.75 times the onglnal shank diameter. -
Knife-edge requirements have been ignored to investigate a large range of Do ratios. To
separate the contributions of the squeeze force for the fatigue performance of the bottom .
row and top row, the antx-symmetnc lap joints of figure 2.11 are used. The test results are

shown in figure 2.13. The difference in fatigue behaviour of the two types of lap joint are - - '

small at low squeeze force. The fatrgue life of the non-countersunk configuration (type Il)
- can be three times higher than that of the countersunk (type 1), although the difference

mainly depends on the sheet thickness. Lap joint type | with the critical countersunk rows

demonstrates less increase in fatlgue life at hngher squeeze forces. -

" The fatigue hves for constant sheet thlckness of the critical countersunk end rows are ;
presented in figure 2.14 for given driven head dimensions. The fatigue performance of 1.0
mm 2024-T3 (two-row) Iap joints with (4.0 mm rivets, cis 0 mm) and without (3.2 mm
rivets, ¢ is 0.25 mm) knife-edge condition is considered. Test data of 1.6 mm 2024-T3 lap
joints are included. In particular at high squeeze force, the larger rivet diameter is superior

to the smaller duameter At low squeeze force the difference in bearing load is small due to -

the relatively small contact area. Apparently for high levels of squeeze force the residual
stresses because of squeezing become favourable. Because the toprowin a conventional
riveted joint is critical, a hlgher squeeze force should be chosen partlcularly for thin
sheets : S :

" Figure 2.15 provndes some ]omt ultimate strength data determmed by smgle -lap joint shear
testlng : v

As shown by the test results, the effect of knife-edge on fatigue and static strength reduces
- with increased squeeze force. At low squeeze force, the effect is significant, it reduces at
moderate squeeze force while the effect is negligible at high squeeze force. .. ,

6. , ‘ © 1995 Structures & Materials Laboratory
) Faculty of Aerospace Engineering, TU Delft -
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R VVA"N‘ALYSls OF'F,'US,EVLA'G)E“LAP,JC‘JINT,’S.J"%
| 31 Skm deformatron ‘

'Unst/ﬂ’ened fuselage Fa

B The internal pressure (Ap) apphed to an unstlffened fuselage yaelds the followmg stresses‘ . .

e ‘|n the skln

: f 'x',

- a:*The stress in. the axral dlrectron of the fuselage (cml) is ., half the stress m the i

i denved wrth equatron 3 1 and Hooke s Iaw for plane stress

@y

e ":"'1‘;,The hoop stram is approxrmately a factor of 4 Iarger than the axral stram The radral -

e i’ expanslon of the unstlffened cylrnder is proportlonal to shoo,,, wh|ch leads to:-

Et

| , srze of the fuselage (radrus R)

|
l
|
ESREE " circumferential direction (oheop)- The biaxiality ratio x is 0.5. The strams in the skxn can be o

. TMaemal R 7 1 . Oew AR
cte o [mm) e fmm) 0 fbar o [MPa] - [mm]

'2024-T3clad, 15000 .0 10 050 . 075 .n A0
2000 i;f'1z,‘.'*:.[_:.”*'i'_ffo 52 88
3000 ., . 18 0. 574,

a8 s

. GLARE33203 - 3000 - 14~ . 0574 " ERTT- R Y S

"y’:‘;?.gFacultyolAerospaeeEngineering,TUpelﬂu_’ ORI ,

LR {1——} ek

: Some lllustratlve values for an unstrffened alumlmum fuselage are grven in the table R
* below Values oft and Ap (cabm pressure) were chosen as charactenstlc values for the ST

€195 Stuctures & Matersls Laboralory © ©t T g
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When replacing aluminium by GLARE for the fuselage skm, the skin thickness can be
reduced. Consequently, the radial deflection of the skin mcreases due to the larger hoop '
stress and lower Young's modulus both. :

Fuselage with stiffeners and frames
Frames and stiffeners will restrain the radial expansion of the skm Dependent of the .
stiffness of the frame-skin connection, the frames are loaded. in the circumferential

direction. At the same time, the frames will reduce the radial expansion of the skin and

therefore the hoop stress. Hoop stress reductions can be in the order of 20 to 30% for a

- relative stiff frame skin connection, and in the order of 10% for a low stiffness skm/frame

connection without crack stopper bands at the frames (ﬂoatmg frames)

The pnllowmg of the skin near the frames will result in bendmg stresses in axlal direction of
the skin. With infinitely stiff frames these bending stresses can become approximately 1.5

~ times the undisturbed hoop stress [ref. 6]. The radius of the cylinder and the sheet ‘
thickness largely determine the area, which is significantly affected by pillowing around the -

" frames. An analytical solution is available for perfectly stiff frames if longitudinal stiffeners

32

are not present. The length of the affected zone is approxumately 3V(RY) [ref. 7].
Radial expansion measurements have been performed on a GLARE 3 3/2-0.3 reduced--

‘scale barmel. The results are shown in figure 3.1. The expenmental results are in close
- agreement with the FE calculations. The difference between cylinders with and without -

doublers at the bulkheads is also obvnous The affected length of the cylmder is in the
order of 75 mm.

Longrtudmal stiffeners attached to the skin will further restrain the radual expansnon With

- stiff frames, a rigid frame/skin connections, and stiffeners with a high bending stiffness,

double pillowing will occur, see figure 3.2. Skin bending will occur, but the hoop stress is

* reduced. To which extent frames and sttffeners affect the nveted Iap joint stresses is
, drscussed in sectton 3.3. ' :

* Unstiffened pressurised cylinder

It is well known that the stress distribution around an open hole for uniaxial loading and
biaxial loading is significantly different. The K; for an open hole in a large plate is equal to
3.0, whereas for an biaxiality ratio of 0.5 it is reduced to 2.5. The question is more
problematxc for a filled hole, with some holefrivet interference, and for a pin-loaded hole.
Moreover, in a riveted lap joint in a fuselage, the biaxiality could affect the load transfer
distribution between the rivet rows and the secondary bending as well. In view of such a

~complex problem setting, there are two ophons FE calculations and expenments This

section deals with FE calculations.
Two FE models are considered: (I) a 2-d model wrthout conmdenng effects of frames and

: stlffeners and (i) a 3-d model mcludmg the effect of frames. The results are discussed

below
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T 2d-FE calculatrons

. A2-dFE model was developed for the calculatron of secondary bendmg and nvet row Ioad R

i transmtsswns of alap jointin a cyhnder There are no pressure bulkheads in the model.

‘M’fh ,The 2d character |mpl|es that ﬂat cross sectrons remam flat. The sheets are modelled with $a

o . quadratrc 822 beam elements and the nvets are represented as 821 beam elements [ref.

" i . 8]. Contact elements (GAPCYL [ref. 8]) are used at the overlap to prevent mterference of - : .
' the mattng ‘sheets. Braxrahty cannot be introduced and lateral contraction is rgnored To

L different model is used. The skln is represented by S8R sheet elements and the overlap is
EEE connected with B32 beam elements to represent the rivets [ref 8]. At the overtap, contact

o ~elements (GAPCYL [ref. 8)) are used to prevent mterference of the mating sheets For this’ gERe

" improved *“2%-d" model, symmetry is used at the ends of the cylrnder in axral direction.

. Similar to the 2-d model, part of the circumference (40-9 0°) 'is’ tnvestrgated and anti- »';;“f “'_ 3
SO TSymmetry is used at the ends in clrcumferenttal drrectxon, whrch |mphes more Jornts RN

|
l
|g o '; investigate the consequences of load biaxiality for a Jornt in‘an unstiffened. cyhnder a

B present in the total 360° ‘see rnset fi gure 3 3.

g Results on radtal deflectxons are presented |n f' gure 3 3 Some analyttcal data is presented"fu i L

" in appendix B. There is a different deflection for the top row and the bottom row sheet. The o
*2 . inner sheet rotates downwards, and the outer sheet inwards in order to bnng the average“_j L
. neutral line deflection of the two sheets at the same radial deﬂectron outside the overdapin

£ the undisturbed sheet. It |mplres that the inner sheet expands more then the outer sheet, : SR

w0 witha translatlon of the joint in crrcumferentxal direction towards the sheet with the larger'i ) 3
"v"expansron to- marntarn ~equal membrane stresses for the: matmg sheets The radial -~ -

ety deﬂectxons for the two blax1alrty ratros % equal to 0. 5 and 0 lmply a srmllar deflectton

B ,pattem of the overtap of the lap jornt and are fully srmrlar to those obtamed ina unlaxrally

S affect the secondary bendmg

- ';-'t;yloaded flat lap joint spectmen In otherwords it mdrcates that the sheet curvature does not g ]

4 Some addrtronal mformatron on secondary bendxng was obtalned by strarn gauge ; 1"
'[measurements on a flat braxrally loaded riveted lap jomt (f‘ gure 3.4). The transverse Ioad.'; TR

. . on the lap joint does not restraun the overlap rotatron Static expenments were camed out ! - e
i atdifferent biaxiality ratio's. The results in figure 3.5 show a small effect of the braxralrty on e

iy . the secondary bendrng, i.e. about a 5% reductron forx equal to 0 5

T The 2-d FE calculattons can also be used to analyse the drstnbutron of the nvet row load '
-+ transmission and secondary bendrng However, it must be decided whether the mtemal
s Vpressure between the pomts A and B in fi gure 36 is apphed on the unloaded free end of
- ;.j_‘,’the inner sheet; or to the outer sheet. The first optxon should be adopted if a sealant is

‘ . apphed between the two sheets whlch prevents the internal pressure to enter between the -
e inner and the outer sheet. If this can not be prevented the second optton must be used. -

~_rivet row load distribution is slightly sensitive for pressure entrance between the two - *

sheets The secondary bendmg results in. f gure 37b mdrcate a srgmf‘ cantly drfferent

" ©1995 Structures & Materials Laboratory - - T ool T g

,v‘, S R '{ S Calculatrons have been performed for both cases. The results in figure 3.7a show that the""
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3.3

behaviour for the secondary bending. Actually, if there is pressure between the two sheets,
the anu-symmetnc configuration of the riveted lap joint is still maintained with respect to

the internal pressure load. The same anti-symmetric confi iguration also applies to the - -

umax1ally loaded flat lap joint specimen. However, this is no longer true if the pressure can
not enter between the two sheets in the AB overlap. The anti-symmetry of the internal

~ pressure application is lost. Although this phenomenon becomes less significant for larger

cylinder radii, it does not disappear. The barrel tests discussed in section 3 have been
carried out on specnmens which have been assembled without using an mterfaylng
sealant. For this reason, the 3-d FE calculations in general have been done for the
symmetnc lntemal pressure appllcatlon

Pressurised cylinder with frames

The deformation response of a longitudinal riveted lap joint'in a pressurised eylinder with
frames is different from the response of an unstiffened cylinder, discussed in the previous
section. A 3d-FE model is required to make calculations if frames are present. In figure 3.8

“an element distribution is presented for a riveted lap joint in a cylinder. When the 2%-d

model is extended with restraint at the ends of the cylinder a 3-d model is obtained. The

 bulkhead is modelled by preventmg dlsplacements (AR = 0) and rotations. For the radial
) dlsplacement a multi-point constramed is used Whlch allows a s:mulauon of frames with
different shffness :

A dlsplacement plot is presented in fi gure 3.9 for the circumferential location mldway ‘
~ between the frames. The displacements are not disturbed by the frames. The radial
v ,dlsplacement is different compared to the result for the unstiffened cylinder. The radial

displacements of both sheets, away from the lap joint, are similar to the nominal radial

deflection. The two sheets do not have the neutral lines at identical radii as it was found in

the 2-d model for joints in unstiffened cylinders. In spite of this observation, differences

‘between the bendmg deformations and stresses at the overlap could not be indicated. A
quantitative comparison between the results of the 2-d and 3-d fi mte element models could
- not be made for the secondary bending stresses due to different modelling techniques of -
‘the rivets. The 3-d model gives a stress singularity in the sheet at the rivet locations. 1t

prevents a stress investigation close to the rivet. However, if realistic fuselage skin

deformatlons are required, frames should be lncluded in the calculations.

‘Results'of radial displacement measurements (AR) on a 2024 barrel are presented in

figure 3.10 in comparison to calculated values. The experiments show the same trend as
the calculations. The |rregulant1es of the measurements are caused by lmperl'ectlons of

the skin.

B Radial deflections have been calculated for a pressurised cylmder with and without

blax:ahty, see the results fory is 0. 5 andOinfi gure 3. 11 The deflecllons are reduced by

10
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'same

- . Load transfer and secondary bendrng in the cntrcal row

. The rigid frames in the reduced-scale barrel specimens at a frame spaclng of 400 mm are,: e

L ,causmg a signifi icant mhomogenelty of the load dlstnbutlon along the rivet rows of thelap.. - L
joints. The 3d-FE calculations show that lateral loads occur on the rivets near the two e
" frames.’ In view of pillowing, ' such - loads . should be . expected However, the load A

transmnssron in the hoop stress direction- is smaller than. away from the frames The

i practlcal srgmt‘ cance of the lateral loads thus seems to be llmlted

ey

o compared to undlsturbed Ioad transfer

(PR

B Some mterestmg comments can now be made assocxated wrth the results of t' gure 3 12a - B
.. The more homogeneous rivet load distribution for a small radius R implies that the small - "
R barrel test may be quite appropnate for MSD observatxons On the other hand fuselages > i i
i  with a large radtus and hence a less homogeneous load dlstrlbutlon will not stxmulate'_;/ ‘
- MSD. Another observatxon is ‘based on. the effect - of: the stiffness - of the . frames R
" Calculations for a less stiff connection between the frame and the skin (so called floating "~ -
T frames) will lead to a more homogeneous nvet load distribution along the lap joint, see the - e
- = results in figure 3. 12b-d In figure 3.12b the dlsplacements of the model are schemat:cally,‘ e T
v presented In the model the frame is’ glven an initial dlsplacement AR precedmg . R
e pressunsatlon The remaining boundary condltlons make the frame infinitely stiff. Alsothe =
" displacements in circumferential direction are prevented, which occurs to some extentin ..
. realistic confi guratlons especially. w:th clips and castellations with a large shear stlffness SR
“In'figure 3.12b The rivet load transfer is presented for the end rows in the reduced-scale -
-, " barrel. As can be deduced from figure 3.12c increases the load transfer for the edge rivets -~
. . with relaxnng the radial restramt of the frame For all frame restramts four nvets have loads =
s ,dlfferent from undlsturbed No provisions are requnred for the stlffness of the bulkhead ina .
o reduced-scale barrel lest set—up to increase the number of equally loaded rivets with thls RS
- configuration. Even for radial displacements similar to the radial deflection of the skin the =
- rivet load is reduced at the edges The dlsplacement of the: overlap in clrcumferenllal. i

L "‘-e"'dxrectlon with pressunsatlon still_load the frame. This - dlsplacement in: cxrcumferentlal

MM direction wants to occur due to the different radial dlsplacements of the mdxvxdual sheets of .
S the overlap, as can be deduced from the model without bulkheads. in figure 3.3. This S
ST dlsplacement occurs to mamtam equal strains and therefore membrane stresses in the "o
L mdwrdual sheets, desplte the different radial’ dlsplacements Wth a frame present thrs SRR |

el deformatlon is resxsted and loads the frame. . e

the blax1al|ty as should be expected However the rotatlon of the overlap remams the'y'”’“ o

AR ‘The nvet load chstnbutxon of the cnt:cal row between the frames |s shown in f gure 3 12a R
Distributions have been calculated for dlfferent radii of curvature. The effect of the radlus S
- ;“mldway between the frames Is rather small. However, the. full restraint of the bulkhead R
-~ results in more affected rivets for a larger radius of curvature. For the largest radius the i
' restraint of the frame still results in smaller nvet Ioads mldway between the frames R OURTRE .

. ©1995 Syuctures & Materials Laboratory * © . o EEE TR NI [ SRR
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- In figure 3.12d the load transfer in between the frames is presented for a radius of 2000
mm. With infinitely stiff frames the load transfer does not reaches its undisturbed

magnitude with the frame pitch of 400 mm. The frame is transfers 31.5% of the hoop
force. If the frame expands %2AR the load transfer becomes already more homogeneous.

It then becomes more readily exposed to MSD conditions. Consequently the load transfer
‘ by the frame is reduced to 16% of the hoop force

The rivet load distribyution over the three rows, midway between the frames, is not affected
by the radius of curvature. This is illustrated for a GLARE 3 3/2-0.3 cylinder in figure 3.13.

The distribution of secondary bending along the lapv joint is not homogeneous in |

agreement with the inhomogeneous rivet load distribution. Secondary bending decreases
near the stiff frames. That appears to a logical result in view of the deformation restraint at

" the frame. The inhomogeneous bendmg distribution is illustrated by figure 3.14 and the
" radial displacement results in figure 3.15. Figure 3.14 shows the bending around the

longitudinal axis. The displacements in figure 3.15a are measurement results, while the
results in figures 3.15b and c were obtained by FE calculations. In figure 3. 15a the
deformations of the skin and overlap in the reduced-scale barrel are obtained with LVDT

* ‘measurements on elastically bent barrel specrmen along the lap joint. The rotatlon of the
- overlap is prevented near the frame but raprdly becomes constant ’ :

The fi mte element model is f' igure 3. 15b is srmllar to figure 3. 15a As shown by figure .
3.15b, a restraint on the radial displacements is observed close to the frames (1st rivet, 10

" mm from the bulkhead). At 70 mm away from the rigid bulkhead the radial displacements

and the overlap rotation are almost similar to the midbay results, as confirmed with the

experimental results in figure 3.15a. Figure 3.15¢c shows the midbay results for a small -

cylinder radius (613 mm) and a large one (2820 mm, Airbus 340). Although the nominal

" radial drsplacements are highly different, the relative displacements and the overlap

: + rotation are practically similar. As a consequence secondary bending at the midbay

34

R posrtron will also be the same.

‘ Stram gauge measurements :

Strain gauge measurements have been performed on 2024-T3 and GLARE 3 reduced-
“scale barrel specimens and on GLARE 3 lap joints in a full-scale Airbus A340 barrel at the

Deutsche Airbus facility in Hamburg. The purpose was to compare stress distributions and
secondary bending results. It should indicate the relevance of fatigue tests carried out in

the reduced-scale barrel.:
' (a) Measurements on 2024-T3 cylinders -

Strain gauges are bonded on the faying surface of a barrel specrmen at Iocatlons close to ‘
the rivets of the critical rivet rows, i.e. the top row and the bottom row, see fi igure 3. 16.

12
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Hoop stress results of an elastxcally bent cylrnder are presented infi gure 3 17. The apphed

i p gt o B

hoop'stress' s"also mdrcated in | thls fi gure. Itfls in close agreement with a stramfgauge

e e A e I TSN B

measurernent away fromthe lap jomts and the pressure'bulkheads The mrdbay stress

R Rt

drfferences between the results for the t top ro and the bottom row.,Thls mrght be due tot

5 AR

sllghtly drfferent srtuatxons' :around the nvets of_ the two_end Tows | as a “result of non-

KRy

nding’ stresses'are presented in fi igure 3.18 for two 2024-T3

SR g

'cylmdncal specurrtens-’bne spectmen wnth elastxcally bent sheets and,a secondv one wrth :

i : R P -e”

roll-fomed sheets’ (in the Iatter case’3 results only) There is'a sxgmf‘ icant dtfference

e g i YL 0

betvveen the results of t‘he‘ two‘cyllnders In a thlrd test series an elastxcally bent part of the

e

rrst cyhnder was 'also tested unra'xrally as a ﬂat speclmen in a servo-hydrauhc 1000 kN test
machrne These results,dlffer onsnderably from the' results of thesame' stram‘gaugesl

w20y el

the barrel test set-up However, they reasonably agree wrth the results of the cylinder, wnth

N

. The bottom row results of the elastxcally bent sheet cylxnder agreethhthe FE calculations

At the pressure : bulkhead, lap jornt rotation is prevented wh:ch leads to'reduced:s;esondary
dary bendrng at the top row |s

e FFL

eccentnerty ti |s thought that th|s result should beassomated wrth |mperfectxons m the jomt

n'combmatron wnthy

Boge

Lepyte

-cont‘ rmed by the results of the same lap jornt loaded,as a ﬂat spectme Ihe seeondaryf

S

endmg stresses n'ow have the same srgn although a drffe

8 i r‘@/« g A

specrmen |s'rnore severe compared to

P g IR A | il T

| Aspecrmen by usmg 'roll-fo

g

A barrel' specrrnen with roll fonned sheets

v n

DR NS

The GLARE-S 3/'2, .3 g:rown section of.
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pressure The stram gauges were agam located close to the nvets |n the centre of the ﬂat i
specrmen, and at a mldbay pOSltlon for the barrels. Flgure 3. 19 also gives ‘the theoretxcal
f'stress in the alumrmum Iayers correspondmg to the nommal hoop stress ApR/t. Thrs stress -
is Iarger than the hoop stress because of the smaller elastic modulus of the fi bre layers ,
Infi igure 3. 19 the stress measured in the reduced—scale barrel test is sxmrlar to the stress,f
measured on the ﬂat specxmen Thrs agrees wrth the calculatnons of the prevrous sectron.
fThe measurements also confi rm that: there is practxcally no- restrarnt on the radlal
o drsplacement in the reduced-scale barrel test mldway between the bulkheads . '_ R
- For the full scale barrel the radral expansron is larger.. As a consequence ‘the radial - y
- . 'restrarnt on the radlal expansron wrll become’ srgmf‘ cant as dlscussed before. Moreover," L
g the longltudmal stxffeners further contribute to the radxal restramt. As shown by the results i
“in'fi gure 3.19.it leads toa reductlon of the stress level by a factor of about 1.2. The same .
fjtrend is observed for the top row and the bottom row" The reduced stress level is

,vThe bendmg stress is plotted |n t' gure’3 20 as a functxon of the applred pressure Ap The
;secondary bendmg stress in the reduced-scale barrel test and on the flat uniaxially loaded,
»‘lap joint are practrcally slmllar for the bottom row (f gure 3. 20b) and approxxmately SImllal“
“for the top row (t' gure 3 20a) However these bendlng stresses for the top row and for the :
‘ffbottom row are dtfferent. The straln gauges near the nvets of the top row and the bottom,
. TOW are applled at antl-symmetnc locatlons However the stress f elds close to the nvets?
;[fare not antr-symmetnc for the two rows because the countersunk nvets are not |n an anti-
l symmetnc conf' guratron Drfferent results for the top row and the bottom row are the

% possnble : o

,;,ﬁThe secondary bendmg stresses measured on the full-scale A330 barrel are srgmf cantly.,
""smaller than in'the reduced-scale barrel test see f' gure 3 20. The effect of the lower hoop
stress in the full-scale barrel can be ellmlnated by plottmg the bendrng stress as a functron"; :
of the measured crrcumferentlal stresses ThlS has been done in figure 3 21 For the top:f;
row the results of the reduced-scale barrel and the full scale barrel then appears to be -
srmllar, but the large reductron ‘of the bendmg stress at the bottom row remams In the'
: 'Atrbus fuselage longltudrnal stlffeners are located at a pttch of 16 to 18 cm. A stnffener rs,
[f‘lalso connected to the bottom row, see f gure 3 22 The strffeners are also connected to the
o frames The stlffener wrll thus reduce the lateral expansron at the bottom row but it leaves
“the lap Jomt free to rotate. As a result, the bottom row becomes less critical, and it does not
increases the bendrng seventy at the top row as cont’ mted by the results in f gure 3 21

. © 1995 Structures & Materials Laboralory
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for, the barrel speclmen. '

)
S )

/increased the growth rate. Due fo the small radius of curvature{ a large nternal |

S P ARSI W B Gy CH R N S e B e g ] g

wa“”s'"neceyssary fo achieve the required membrane‘stress?Thls high internal pressure(Ab ,

N S Y I T L Ay

bar for Ohoop equal to 97 MPa) i increases the bulge factor ccnssderably [ref ‘4]

P

s

i,

Slmllar comparative tests were performed on GLARE 3 3/2-0. 3 spec

IPORY b x S . i Vg o % S T

't' gure‘4_2 show crack growth startmg from a centre crack of 20'mm. A linear crack gréWth

TRt G A 5 oy

barrel under the pressunsatron cycle n the barrel test the maiamum

et R DR

'qual‘to 2f 83 bar to obtam the hoop stress ,of 124 MPa " The cra ck growthu

e

8 fyi 4 g Bt - R st b

4"' ",«

~The testresults for. these spec:mens show many colhnear‘cracks fwhxch Jindicates. a
ous stress dlstnbutlon _along the nvet Iap Jomt Later in, the test severefmultxple

g PR

resbectrvely Two ﬂat speczmens of the same co'nf' guratlon dlmer\srons arid nvet sque'eze

ES sl

orceiwere tested at the same stress tevel The fatxgue lives were are 549 kc (lmtnatlon 480

e e g N v

ee fi gure 44 he crack free Irfe rs approxrmately 3.5

eV g i St

‘times sma}ler in the‘ curved set-up ‘and the crack growth afterwards about 5 times faster.

G A R S g e

L g e

contnbute to hlgher ora ck‘tg’;; e
7 ‘V:;;;,,.:
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Ieads to earller crack mrtnatxon for both monohthlc and Iammated matenals. However
,GLARE jOlnlS glve slmllar fatxgue results because of the lamlnated character and the |

bendmg operatton, see f gure 4, 5 That may tntroduce more secondary bendmg

g In the f rst 2024-T3 barrel speclmens two of the three lap jomts were'squeezed with 14 kN ;
',and the 3rd one thh a Iower squeeze force of 12 kN The fatlgue hfe of the latter Jomt was |
about 20% lower than the fatzgue llves of the other two lap Jomts see fi gure 46 After‘ff
fallure of the 12 kN squeezed lap jomt it was repalred for contmumg the barrel test wnth“f'"'
the other two lap Jomts The lower squeeze force has led to sllghtly smaller dnven heads
|e., 0 4 mm smaller than for the 14 kN squeezed rivets. Apparently, the barrel test"*
conf' rms the' sngmf cance of the squeeze force for the fatlgue llfe under bxaxlal loadlng i

, ,The second 2024~T3 barrel speclmen was made from roll-formed sheets The fatxgue life

was mcreased from an average value of 107 kc for the elastlcally bent barrel specxmen to-

'139 kc whlch is: about 80% more ife.’ Apparently, the * better cylmdncal shape is

\-_favourable also because the |mperfect|ons will be smaller.: :The barrel test results are.

’ "compared to the results of the umaxlally loaded speclmens see fi gure . 4.6. A summary o
the crack mltlatlon llves is glven below. i

" Preparation

 elastically bent -

tens:le machme

- It confirms that elastlcally curved sheets should be avolded although fuselages with larger .
o iradu are in a better posmon Roll fon'mng gives an |mprovement but at the same tlme it
i‘;"must be. reallsed that tmperfectlons due  to- non-ﬂush rivet - mstallatlon and careless;
: productlon processes can be harmful for the fatlgue llfe in vxew of. the mtroductlon of
|mperfectlons ‘For the tested 2024-T3 conf‘ guratlons lmperfectrons were present due to‘
j,'the non-ﬂush nvet mstallatlon and large ratio of; Do/t. They were more’ severe for the

' ©1995 Structures & Materials Laboratory
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L GLARE33/2-03spec1mens b R i e e
The roll formed GLARE 3 barrel was nveted wnth ﬂush installed nvets to aVOId
lmperfectfons dunng nvetmg The fatigue l:fe was above 370 ke for both speclmens when A
it itwas decided to stop the test. It is noteworthy that the roll fonned barrel specsmen wrth 18 .
Pl complete Ilgament farlures was still able to bear the fatlgue load dunng 40 kc (see fi gure X
L The life of the two lap Jolnts with the nvet dlameter Do equal o 4. 0 mm is shorter than the
- fatigue life of the uniaxially loaded flat specimen (504 k), see figure 4.6. The uniaxially =~ -
- loaded GLARE 3 specrmen (same confi guratlon) loaded in the elastncally bent condltron_“,';; S

iz e e o S

i '(R 2000 mm) rs outperformlng thls (551 kc)

e _elastncally bent sheet compared to the rolled sheet as cont' rmed by bendmg T
measurementsmt'gure318 : : : A ST
. In the above consrderatrons lt was tacxtly assumed that blaXla| loadmg and umaxral L v
- loading will give similar fatigue life and crack growth results. It is difficult to give a really .. i
. good proof of this concluslon However as shown before the secondary bending in -
i ﬁ;{nveted lap jomts is not really affected by blaXlal loadmg Further Kr-values of cracks are .
.., insensitive to transverse Ioad it appears that a negllglble effect of the blamallty could be a S
pragmatlc approach - S g Lo o

EERNE

v :‘,The third lap jomt of the GLARE 3 barrel specxmen (Dc is 4. 8 mm) has also been tested up A
* . "o 370 ke, which is more than nine times des:gn life. The crack growth development in the .~
;. 1st; 2nd and 3rd Iayer are presented in fi igures 4. 8a and 4.8b for the top row and the = j
.- bottom row respectively. The fatigue damage at that moment covered 63.1% of the net
. section at the top row, and 62.1% at the bottom row. As shown, the crack growth occursin’ - S
CihTa similarly moderate way as already observed in chapter 12, in contrast to the behavnour of
, =,2024-T3 Frgures 4.8¢c and 4. 8d show some intermediate stages of fatrgue damage They
e ':‘ do glve the |mpressxon of MSD but actually |t does not Iead to accelerated crack growth

A flat speclmen wrth a similar lap Jomt cont' guratlon and nvet mstatlatlon condltxons has S o .
o ,been tested at the same hoop stress level. The fatigue llfe was 768 ke, slgmf' cantly higher: e
.. thanin the barrel test. The fatlgue damage at 370 kc was 27% at the top row, sngmt‘ cantly ERTEE
" less thanin the barrel test. A companson of the crack mutxatxon lives of the flat speclmen LA
S ‘and the barrel specnmen is made in figure 4.9, it lllustrates that the reduced—scale barrel G '
i "test lmplles a more severe Ioadlng condltlon than the umaxlally tested flat specxmen e

After stoppmg the fatlgue test on the roll-fonned GLARE 3 barrel a resndual strength test i

has been performed by lncreaslng the mtemal pressure Statxc faxlure occurred in the top

- row with the larger fatxgue damage being present. lt occurred at a nominal hoop stress of
.. 257 MPa. This result is plotted in figure 4.10a with some results of umaxxally loaded flat -~
‘-speclmens (data from: [ref 3]). Although. the cracks in the barmel specnmen ‘were not]
i homogeneously dlstnbuted along the wrdth the resrdual strength does agree very well wuth CiE
S the results of the flat specnmen The speclmen after fallure is shown in f gure 4, 10b -

(.
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The fatlgue damage development as observed , ln" the reduced—scale barrel test
presented in figure 4. 11 The results apply to the Axrbus 340 full-scale barrel confi guratlon. v
‘ Assummg an operatlonal llfe of twenty years wuth 2, 000 ﬂlghts in a year. a penod of 40,000 .
cycles corresponds to one design life. The test then mdlcates that the resrdual strength is

. reduced to 257:MPa after about nine txmes des:gn lrfe. ,Thrs result apphes to a nominal ..

L-;. hoop stress level of 124 MPa ln other words the resxdual strength is still more than twrcef :

Ithe nommal hoop stress. lt thus easnly satisfies the slow crack growth optxon of the present - :
amNorthmess requrrements ln addltron there is ample time to detect fatlgue damage by .

i eddy current mspectxons ‘while very long mspectlon penods are acceptable ln other,;.
words, also under the damage tolerance requnrements the results as presented in figure
4.11 allow relahvely long mspectron penods

A companson between 2024-T3 and’GLARE 3-3/2-0. 3'based on the barrel tests can not
.,easlly be made. The conf guratron for the 2024-T3 barrel specrmens was actually more
£ representatlve for a much smaller arrcraft. However the followmg data of the reduced
’ scale barrel tests on roll-fomted speclmens are nllustratlve' "

" material

. O1995$tmctures&Matenals Laboratory © . .
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P MemorandumM-721 S SR " Fatigue strength ofﬁvétedlapjo"ints~'l,‘., R

e et B B i i

s “",“vaCONCLUSIONS 4

g
. P T

oy ,' Fatrgue tests at nearly zero stress ratro and stra:n gauge measurements have been carned o

: "',;_',‘;"'growth records were made The results of thls study are summansed below. IR

. ’ pronounced for Iarge fuselages and stiff frames wrth a stiff framelskm connectxon Fora:
~small fuselage and for a low strffness frame and frame/skin connectxon the major part -

llkely to see multtple-sxte damage ;,

o the cntxcal end rows (top and bottom row)

R The secondary bendmg and the lap jomt overlap rotatxon at the mrdbay |°cau°n are", B

' practxcally mdependent of the t‘uselage radius and the blaxrallty ratlo They are similar to ' y'f, '
" secondary bending and lap jomt overlap rotatron observed in ﬂat umaxrally Ioadedf L

'"""’T'Tffnveted lap jomts speclmens SR AT AL

2 "””',:',The above conclusnons are supported by FE calculatrons stram gauge measurements =

R .. f’_from crack nucleatuon srtes observed in fatrgue tests

: t
‘. ‘I’

R squeeze force Ieads to a shorter lfe.

i e _i'";; Flat unraxrally loaded speclmens generally provrde longer fatlgue lxves than pressunsed » |

e " barrel specimens for both matenals Also a larger radius . give better results. "“The- SR
" reduced-scale barrel test will give conservatlve lnformatlon on fatngue crack lnmatxon R P

,llves and crack growth RN

. ;"?‘Elastlcally bent sheets ona pressunsed cyllnder lead to shorter |lV8$ than roll formed :
sheets ThlS |s especlally lmportant for the reduced-scale ban'el test wnth its relattvely e

© . ©1995 Structures & Materials Laboratory * .~ B R R U D e 190

N . out on riveted lap jomts The investigation mcluded (i) unraxrally loaded flat speclmens (i) }' e

el elastrcally bent specimens (radius of 2000 mm), umaxxally loaded by internal pressure, (ii)) R
: blaxnally loaded cylmdncal speclmens in a reduced-scale barrel test set—up (radxus of 613 -

- mm), and (iv) a full-scale barrel set-up test (radius of 2820 mm) for the Airbus A340. The =~ . .
" materials mvestrgated were 2024-T3 and GLARE 3 3/2-0.3. During the fatrgue tests crack

f‘»}; , The hoop stress and the secondary bendmg ofa nveted Jomt vary between the frames o L
~ of a fuselage with a maximum midway between the frames. This maximum is more =~

e f,of the riveted lap joint is’ subjected to an almost uniform hoop stress ‘and secondary
[‘"bendxng “This. condition stlmulates the occurrence of multiple-site: damage. It rmplxes"*: SRR
' that fuselages with so-called floating frames if fatrgue cracks are |mm|nent are more

»The mhomogenelty of the secondary bendmg along a nveted lap jomt between the ’
" frames corresponds with a similar mhomogenelty of the dlstnbutron of the nvet loads rn"’ RXRInN

" and measurement of the radial displacements of the sheets Further support is commg i

o‘:_""Fatlgue tests on a 2024—T3 reduced-scale barrel specrmen conf‘ rmed that a lower, 4
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small radius. Roll formed sheets lead to lower secondary bendmg and significantly
longer fatigue lives. It is important that the sheet edges which will be part of the
overlap, are roll formed, instead of bemg flat. .

In the full45cale Airbus barrel the circumferential‘stress and the Secondary bending
stress at the midbay location were lower than in the reduced-scale barrel specimens o

when loaded to the same nominal hoop stress. This is due to more restraint on radial

- skin displacements by the frames and the longitudinal stiffeners riveted together with
“the bottom row of the lap joint. The secondary bending of a real fuselage structure can

not easily be simulated in a simple specimen testin view of different restraints on radial
displacements. The dxsplacements have a large effect on secondary bending and thus

- on fatlgue

Flat uniaxially loaded specimens generally provide longer fatigue lives than pressurised
cylindrical specimens. The discrepancy is recognised by the aircraft industry when
considering results of relatively small riveted lap joint specimens and the fatigue life of

‘the real fuselage structure. The discrepancy is partly associated with the influence of

the built-in stresses, stiffening elements, while the most important part should be

related to squeeze force effects, possible imperfections of the riveted joints in the
structure as a result of the manufacturing process, and to workmanship in general.
Such aspects can not easily be quantrf' ed. However, it appears that worthwhile life

" improvements can be achieved by more careful process control requxrements Force

controlled squeezing is recommended in this respect Hand riveting can easily lead to
undesirable lmperfectlons :

- The fatlgue behav:our of riveted 2024-T3 and GLARE 3 3/2-0 3 |ap joints under biaxial

loading is completely different. For the 2024-T3 reduced—sca!e barrel specimens the
crack growth period is relatively short with rapidly increasing crack growth rate. In the
GLARE 3 barrel specimens, crack growth occurred very slowly without a noticeably
increasing growth rate. With the eddy current technique it was easy to detect small
cracks and to follow crack growth in the fi rst aluminium layer at the mating surface. in a
test at a hoop stress of 124 MPa crack growth was followed until 370 000 cycles. The
residual strength at that moment was found to be 257 MPa in the skin matenal whrch is
above ultimate des:gn load.

20
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Memorandum M-721 ' N ‘  Figures 2.5& 2.6
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Figure 2.5 Schematic illustration of the flat pénel geometry.

Steel| blocks

clamping
- pressure |

.Figure 2.6 Steel blocks aitached fo the ﬂat specimen edges to reduce local secondary bending
- [ref. 3]. ' o : o
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Figure 2.7 o . : _ o Memorandum M-721

[ \ Glare 3-3/2-0.3

MIIIME | [ ] A2024-73.t=0.3mm
_ [T /) prepreg,t=0.126mm
rolling E ' D ééluminum Layer
direction F | . = Prepreg Layer
' . = F‘atigue' le‘tical Locaﬁon
t ! ! ' '
Layer 3 : i ‘ ,
' La;erz % . ﬁ} Top Sheet
" Layer 1 i '
Layer i H= }Bottom Sheet
Layer2 _—" - | T

Layer 3

: Figufe 2.7 Numbering of aluminium layers for’ GLARE 3 3/2-0.3.
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Memorandum M-721 - ' o ' " Figure 2.8

fatigue load
hoop stress

non-metallic
straight edge

B sliding probe _
Typical layer-1 fatigue crack in Glare ™~ .

sliding probe's
green line

offset distance,
“approx. 1mm

hole diameter

: b gl
- driven/countersunk head diameter

Figure 2.8 Shdmg probe of Nortec eddyscope and praposed scanning path location for cmck
detection in matmg layers in a riveted lap joint [ref. 3]. , v
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Figures 29 & 2.10 Memorandum M-721

Figure 2.8  Reduced-scale bajr,relvwith LVDT‘dispIacément measurement equipment and strain
gaugesfref. 3. - SRR R '

height of cylindrical part .

! ]
§ h countersink depth
T t sheetthickness
. ; h t d rivet diameter
L d | f |
r~ T . Do o
Knife-edge condition: ¢ < 0 mm
Figure 2.10 Definition of knife-edge. B . '
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MemorandumM721 ' Figures2.11&2.12 .

type I, critical countersunk sheets

pu ) 4 | | 1 .
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type I, critical non—countersunk sheets
Figure 2.11 Anti-symmetric two-row riveted lap joint coupons. -
‘ x — I -
type I YV . = et =
e M
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s=20mm,p=40mm
capplied™ 97 R=0. 05
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700 £
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cycles to failure [ke] -

200 foomnennntonnnns i BNSUURE S SO
100 |- e SR NSNS

N
o
N
[}

o . 5 10 ‘15

b squeeze force [kN] -
—_ P 4; R . .
1 105 116 13 142° 188 17

| Fagure 2.12. Fat:gue performance of lap joints w:th critical countersunk holes or w:th critical non-

countersunk holes. Comparison between specimens with smooth surface (6 0 mm)
~and speclmens with :mperfectlons (6=0.1 mm) [ref. 3]. ‘
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' Figures 2.13& 2.14 Memorandum M-721
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Flgure 2.13 Fatigue test results for anti-symmetric two—row lap jOInt coupons Eﬁ’ect of the squeeze

force and the sheet thlckness [ref. 3]

Alclad2024
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2-row riveted joints
s=20mm,p=40mm,W=60mm
rivet: NAS1087AD

omax=97MPa,R=0.05
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- 200

. cycles to failure [ke]

100 |
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i D/Do=1.2

—

4

3.2

rivet diameter, D g [mm]

Figure 2.14 Comparison of fatigue perfonnance to demonstrate the effect of the squeeze force

[ref. 3]
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Figure 2.15

" Theoretical values

forD/D,=1.5 .

Testdaté ,
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1400 {—

Q0o =120

WOMDo=1.40

Q0D = 1.75

1200 {—
1000 -~

Joint Yield Strength [N]

800 4—
. 600 4—

400 4—|
200 {—]

0 T
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s. l-l .. I

‘Material . = 2024-T3 clad

S Thickness = 10 mm -

Rivet type = NAS1097 AD.

rivet pitch =20 mm
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" Figure 2.15 Comparison of joint ultimate strength to demonstrate the effect of the squeeze force.
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Clare3-3/2-0.3,t=1.4mm ...~ :~ g T

radius of curvature=613mm "/ ' .

AP=0.283MPa,Ghecp=124MPa (=0.5)

radial displacement [mm] - -

" caleulated without
" bonded doublers

554 measured in small scale barre
-+~ with bonded doublers .-

'qzqdr'dihya'tés" [mm]
Eopurs) B ’ Rk Cn & i Gl o )

Calculated and - measured  radial skin displa'c:e'ment§ ‘according ‘to (i) an ' analytical .
! calculation (without end-doublers), (i) FE- calculations (with end-doublers) away. from.
' the lap joint, and (jii) measurements away from the lap joint in the reduced-scale barrel -
“testW=420mm) fref, 3] gL e R TI s

¢ ” e
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Figure 3.2 Pillowing of pressurized fuselage in FE mesh [ref. 3].
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Figure 3.3

finite element model fref. 3.

3+ ‘middle row
Fas5+¢
‘é 2+ x= ) ‘ [
% 15 \ . 4
2 . / . 024-1'3 =1, Omm, E<73000MPa, v=0.305
; 3-row riveted lap joint
S L x=05 s-p=20mm :
8 0.5 - radius of cyhnder1500mm

, Ap=0.0847MPa,choop=97MPa

0 - + — — ekt -+

0 200 - 400 - 600 - 800 1000 - 1200

circumferentlal coordmates [mm]

Fugure 3.3 Radijal displacements of the neub'al fines in a riveted lap joint In an unstszened cylinder

- under biaxial loading (y = 0. 5)or without biaxial Ioading (2.’ 0) calculated by use of a 2d
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_ Figure 3.4

Figure 3.4 Set-up for biaxial testing of riveted lap joint éoupons. Specimen width is 220 mm [ref. 3]
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Flgure 3. 5 Secondary bendlng measurements wn‘h stra/n gauges at the centre of the nveted jomt B
L " specimen at the bottom row in the ﬂat braxlal test set-up asa functron of the blaXIalrty
rat:o[ref3] TR R AT

: ﬁgreéstuté o
at cuttmg
edge

‘ “no- seolont
pressure on. outer sheet

pressure
~~at cutting” -
edge %

seo!ont ap Iued ,
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Flgure 3 6 Flnrte element modellmg opt:ons Pressure ‘on free edge (AB) of the tnner sheet
' (lnterfaymg sealant used) or pressure on the outer sheet of thrs part (no mterfaymg
; sealant) [ref 3] S S ARt

Lt
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Figure 3.7
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(a) Load transmission by the critical end rows.

Al2024, t=1.0mm
3 row riveted joint

- M — ~————{s=p=20mm = .
‘; ;\ ' ' O‘hoop=97MPa (x=0)
= \ o | § |
, g T 3\\ top row; AB pressure |___
. r ’ \ ‘ atinner sheet :
c s c
2 top and bottom row; : \\0\.
= || AB pressure on outer sheet/ - —~——
2 39 [ also flat uniaxially specimen < T W, §
g 385 ' e ‘
& 2 // ' ™
& . 38k S S bottom row; AB pressure
S f E : , atinner sheet . \
37’5 T O W § 1.1 1 i1t 1 lIllill!lillllillll l'.vl

400 600 800 1000 1200 1400 1600 1800 2000
' cylinder radius [mm] :

"(b) Sebondary bending at the critical end rows.

Figure 3.7

. 05 X top and bottom row; AB pressure at outer
o , sheet / also flat uniaxially specimen - ‘ )
" I | bottom row; AB pressure //Q/ ' '
,E, 85 | atinner sheet - - ‘
= BN , /‘ top row; AB pressure
= atinner sheet
2 7 TS — ‘ ‘ h
[} d o3 : . . .
b & ' AI2024,t=1.0mm |
. 65 . . - 3 row riveted joint  E-
, - : A s=p=20mm .
v < A N choop=97MPa (x=0)

— =3

55 "B ) b do) T | Lododod ETTR SRS BN ST SS A ST SN N S U S

400 600 800 1000 ‘1200’ 1400 1600 1800 2000
| ' | ~ cylinder radius [mm]

 Load tranSiniséion by the critical end rows of a riveted lap joint‘ in unstiffenéd cylinders
with different radii according to 2d-calculations. Two models are investigated: (1) with -

pressure on the free edge of the inner sheet, (2) with pressure not on the free edge of
the inner sheet but on the outer sheet [ref 3. '
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RCENES Flgure 3. 8 FE mesh for a half-bay of a fuse!age skm w:th a nveted Iap jomt and frame boundary" FREN
e " conditions. Undeformed (left) and defonned (right) with: 3-rows, 613 mm radius, 400 mm T
w:dth nvet p:tch (- row p:tch) IS 20 mm hoop stress 97 MPa b:ax:al/ty ratlo 0. 5 [ref 3] :

= S AR undxsturbed ,
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A Flgure 3 9 ‘Radl aI di splacements of 2024-T3 and GLARE 3 Iap joxnts m:dway between the ng:dlf’;f
] frames accordmg to 3-d ﬂmte element calculatlons [ref 3] PR AITISLIC LI
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Figures 3.10 & 3.11 | ~ Memorandum M-721

12 — ; R Al2024, t=1.0mm
b5 3 row riveted lap joint
11 gL s=p=20mm
" radius of barrel: 613mm
1 6h°op-‘-97MPa,x =0
measured location: mid-bay
08 (200mm off frame)
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F:gure 3 10 Calculated and measured di: splacements of the pressunzed skm in the reduced-scale '
barrel with a riveted joint [ref. 3].
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14 3 row riveted lap joint
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thure 3 11 Radlal d:sp!acements ofa nveted lap joint in a pressurized cylinder with rigid bulkheads.
Deformations are plotted at the und:sturbed Jocation midway between the bulkheads
[ref. 3]. ,
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F:gure 3. 12b Defmi:ons used wrth for the rad:al drsplacement of frame and skin m the 3-d FE
T calculatron Boundary conditions at frame: all drsplacements besides 4R
prevented (AR coupled w:th MPC [ref 8]) and all rotatrons prevented [ref 3]
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Figure 3.12 - continued
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Radius of fuselage R=613mm
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‘Figure 3.12¢

The effect of frame stlffness for the rivet load d:stnbutlon along the frame prtch
Radius of fuselage R=613mm. FE-calculation with ARgzme/4R = 0, s %fs, 1: frame

transfers respectively 15.2% , 12.6%, 10% and 7.5% of the hoop force [ref. 3].
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600 F [ARframe/AR=0.66 | 9 ﬁ %
= b [t |
» L
N I ay'd
T WO
s f / ' / 2024-T3,=1.0mm,
- E=70000MPa - |.]
-4 L o S
1 - 3 row riveted joint,
§ 2 rivet diameter: D g=4mm
s 200 s=p=20mm N
& F q | hoop =97MPa,x=0.5
100 C 1 ‘IARframelAR=O|
o 10 %0 5 70 9 110 130 150 170 190 |
E ‘axlal coordinates [mm)] ‘ o
! I. [N | 1 1 1 ! 1 i
0 1 2 3 4 5 6 7 8 g 10}
FRAME Rivet number (from frame) " MID-BAY

F:gure 3.12d The effect of frame stiffness for the rivet load distribution along the frame pxtch
Radius of fuselage R=2000mm. FE-calculation. With ARpame/4R =0 and /3. frame
- transfers 31.5% respectively 15.9% of the hoop force [ref. 3].
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RN R-2820mm,x
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Flgure 3 13 R:vet load dlstnbutlon m GLARE3 nveted Iap jolnts accord‘ ng to FE calculatlon for ﬂat
% sheets and ban'el spec:mens m:dway between the ﬁ'ames [ref 3] ,

. Vi .
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pe UK A ! ik ” l'“ 3000“ s
! s P 3 IR
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g8 cewateds |

anure 3 14 Sect/on moments around the Iong:tudmal ax:s’ accordmg to FE-calculat:ons. Left
i hand side : symmetry axis, right hand side: stiff frame. Confi guratlon. 2024-T3, . .-
: t 14mm s= p 24mm, Do-48mm Ap 0283MPa ;z 05[ref 3] Gakisy ey
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Figures 3.15a &b | Memorandum M-721

1 -— at tenth rivet (190mm) ’ s=p=20mm, Dg=4.0mm
B from bulkhead . ; Ghodp=97MPa, $=0
08 [ 2 § ——
g 'M‘M::‘A,‘ . o n /)fﬁ 20003000
06 at fourth rivet (70mm) [
3 from bulkhead
0.4 || at first rivet (10mm) h; '
' [ | from bulkhead '

Radial displacement [mm]

2024-T3, t=1.0mm, 3-row riveted joint, .
s=p=20mm, Dp=4.0mm, Fsq=14kN, D/Dp=14kN

choop=g7MPa,x =0.5 :

16 7 1.6
14273 \f'--.. 11 ;
1.2 T L
radial 0.8 ::laig la;:\ceme t
displacement a3 41 4" 0.6 P n
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, 0.43- 0.2
024
0
-100
axial . 100 DS s 100 cnrcurpferentnal
. 120 200 coordinates [mm]
coordinates [mm] 140 300
400 -
500
- Figure 3. 1 Sa Surface plot of measured radial displacements of a riveted lap joint ina redur}e

scale barrel test (elastically bent 2024-T 3 sheets) fref. 3. - ‘ "

2024-T3, t=1.0mm
3 row riveted lap joint

X e———

02 - N S
(| TSR FEREE FESEE FR R n»-.-;-‘n- NI FRTEE RNEN N RN}

. .50 -40 -30 -20 -0 O - 10 20 30 40 S0
circumferential coordinates [mm]

" Figure 3.15b Radial displacements and rotation of the overlap at different location removed

from the rigid bulkhead according to FE-calculations [ref. 3].
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- cEL Glare 3-3/2-0.3, t=1.4mm | -~ = ;
\ o 3rowrivetedjoint . |- ‘
- ‘ : T |s=p=24mm, Dg=4.8mm ] ;
[ e . L O‘hoop=124MPa,x"=° "’ E 1 K .

lll‘l"v'liilullll‘llliillll

PO

e A

AP B

1

Radius of cylinder
R=2820mm = .

ok Radlus of cylmder
R R—613mm

- 500" -400

Flgure 3 16 Reduced-scale barrel spec:men w:th stram gauges bonded close to the nvets on
“the matmg surfaces and the outer surfaces of the sheets [ref 3. -

=300 .
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clrcumferentlal coordmates [mm]

-1 00"

Flgure 3 15c Radlal dlsplacements mrdway between the bulkheads, whlch results in s:mllar
overlap rotatlons on reduced- and }full-scale pressunzed barrels [ref 3] '
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- Figures 3.17 & 3.18 - _ Memorandum M-721

~ Figure 3.17

obendmg at end rows [MPai

100
I applied hoop stress M@-@fo v /1
L = > Sy
E &0 E M /
E C ‘ measured
g 70 B measured at free sheet
= - at top row 'f'
e C :
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@ F @ Ja—] at bottom row Alclad2024-T3, t=1.0mm
o - 3 row riveted joint
§ 50 | s=p=20mm, W=400mm
o / C : rivet: NAS1087ADS-5(4. Omm)
40 E radius barrel: 613mm
P " |ohoop=97MPa, x=0
30-lll'l(‘lllll'lll"lﬁl'll_l'lll'lllll'l‘ll
200 40 60 80’ 100 120 140 160 180 200
T . length In axial direction [mm] : St
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(AR-Omm) ‘ Cod ' : . . S

Stresses in c:rcumferentlal dlrect;on measured near the end row nvet midway
between the frames [ref 3] ;

Alclad2024-T3, t=1.0mm, 3 row riveted joint . ] insetsign

‘| s=p=20mm, W=400mm, nvet:NAS1097AD5-5(4 Omm) conyentio’ns
100 — radius barrel: 613mm, ohoop=97MP2,y =0.5(x=0.flat test) o 2 L
80 __.1 elastica //Q/W W /_ -\+M
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‘ //v Tleteme s I ] e
40 [ / . P : i .. 3rolled | ‘ ' )
0
: . g
[ i o
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Figure 3.18 Three secondary bend/ng stress measurements on two different test speclmens at

~ Ohoop = 97 MPa (inset: sign conventions) [ref. 3]:

Test 1: - Lap joint elastically curved in reduced-scale barrel test set-up

Test 2: Specimen from test 1 loaded uni-axially flat.

Test 3: - Lap jomt of rolled sheet in reduced-scale barrel test set-up.
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Figure 3.20 . | " Memorandum M-721

(a) Top row
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‘ (b) Bottom row

- [Glare3-32-03, =1.4mm |
—_ 80 13 rowrivetedjoint =~
S [ |s=p=24mm :
=, - [ |rivetNAS1097DD6-6(4.8mm) | - , , ‘
2 80 ' [ small-scale barrel, .
(=] of
2 I |/ Re613mm
g I ~ Flatuni-axially
n ’ 40 ! S - : ovenccavaceccos 4
w® o} - full-scale stiffened
= X ;o fuselage, R=2820mm
B i ; /
G 20 | g g —
[ L B
)
o tllllllll.llllkllll/l\lil.l.lllllllll’lvj;_];
0 20 40 60 80 100 120 140
‘ Ap-RIt[MPa] L

Figure 3.20 Bending stresses measured near a rivet of the top row and the botfom row' at the centre |
- ofthe flat specimen (x=0), or at the midbay position of the reduced-scale barrel and the
full-scale stiffened fuselage. Results as a function of ApRI [ref. 3]. S
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_Figure 3.22

Memorandum M-721
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Figure 3.22 Riveted lap join

[ref. 3].
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Figures 4.3&44 ‘ Memorandum M-721
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: ‘ barrel: choop=124MPa, y =0.5, R=0.02,W=420mm, rolled
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' Figure 4 3 Crack growth in the free sheet of the reduced-scale barrel test set-up, and in a flat |
sheet specimen. Material: GLARE3-3/2-0.3, t = 1.4 mm. Cracks started from a
notch, diameter 4.0 mm [ref 3. ,

I initiation - 3 failurel :
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anure 4.4 Fatigue crack mmatlon (~1mm) and failure of un:ax:ally loaded flat and curved
riveted lap joint specimens.. The curved specimens (R =2000 mm) are loaded by
mtemal pressure (=0 [ref. 3]. ,
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U

' Figues45&46.

T ;;.i?lbﬁdf“?m row s
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- |AIctad2024-T3: opoop=97MPa,R=0.05
. |Glare3-3/2-0.3: ohoop=124MPa, R=0.02

iy F‘i'g'u:te 45 Imt:al deformatzon mduced by elast:c bendmg of a nveted Iap ;omt of non-roll formed s

fivetNAS1097AD5-5(4.0mm) F sq=14kN . | =

E ..'2024¥T3.1@2'k,~ !

"20'24-'1*3'(2)- E

B 2024-T3(rolled)

2024-T3(ﬂat)

1A°6, small-scale

barrel,R=613mm

| 3 initiation |

; | E failure .

’ Glare3(r_olled) L

Gleres,flat ,

Flgure 4_ 6 Fatrgue crack imtlatron (~1mm) and fa:lure of nveted Iap }omts of 2024-T3 (t =1, 0

_-mm) and GLARE 3-3/2-0.3 (t = 1.4 mm) tested i in the reduced-scale barrel test set TR e

up Companson to unlax:ally Ioaded ﬂat spec:men results [ref 3]
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 Figure 4.7 | R A : Memorandum M-721

-

Figure 4.7a  Fatigue cracks in top row of riveted lap joint of a reduced-scale barrel specimen
" With oneop=124MPa. Configuration: GLARE3-3/2-0.3, 3-row riveted joint, s=p=20
mm, D, = 4.0 mm. Fg;=14KkN [ref. 3]. p . '

Figure 4.7b  Close up of figure 3.29a fref. 3].' :
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(b) Bottom row
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i Flgure 4;8 : f"“ Craek growth in the‘top row and the'bottom row of the Iap ;dmt in the reducedéscale
ban'el test set—up Results of nvets 4 to 15, unaffected by bulkheads [ref "]
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Mer‘ﬁbﬁrandu’mk M-721 B

. Figure49 .

: f bottom row

barrel: choop-124MPa x—o 5,R=0.02,f=0.07Hz, W-420mm.
flat: ohoop-124MPa x=0, R=0. 05 f=10Hz, W-168mm
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e 1dent:cal conf'guratlon tested as a ﬂat umax:ally Ioaded spec:men [ref 3]
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" (b) Photograph of barrel after residual strength test

Figure 4.10 Memorandum M-721
(a) Testdata
400 i | i
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The residual strength obtained in the reduced-scale barrel test (R=613mm, y=0.5)

Figure 4.10
on a GLARE 3 riveted lap joint, compared to results of flat GLARE 3 riveted lap
- joints [ref. 3]. : R . 0T
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 Memorandum M721 , | Figure 4.11
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~ Figure 4.11 The damage tolerance behaviour observed in the reduced-scale barrel test on a

" GLARE 3-3/2-0.3 specimen (t=1.4 mm) with the riveted lap joint configuration of
the A3_40. Results of rivets 4 to 15, unaffected by bulkheads [ref. 3].
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" APPENDIXA GLARE STANDARD CONFIGURATIONS 2

.+ .. GLARE33f2lay-up (schematic) - .

DR ; R ]

fgfﬂ;/
0
/;;%f/

7

// s
%/’m’ ‘ 'M / %
;U.’D. = unidirectional; C.P. = cross-ply; " <. : EE

""" 50/50 = 50 % of fibres in longitudinal direction and 50 % in long-transverss direction;
. 67/33= 67 % of fibres in longitudinal direction and 33 % in long-transverse direction. s 5

L GLARE ;clzlassyific'ationg o ’
| SRR GLAREA-BIC-D - '4A' = GLARE grade; . ;‘7 S R v
Coohoo oo B o= number of aluminium layers LSRRV S
CocoG e Co=numberof fibre/adhesive layers -
' ‘ "D = nominal thickness of individual aluminium layerinmm - .

¢
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AppendixB o | | | . Memorandum M-721

'APPENDIX B

~Radial deflections of the inner sheet and outer sheet of a riveted lap joint 40° removed ' ‘

from the lap joint in a pressurized cylinder according 2-d FE (x=0) calculations (in
comparison with theoretical radial displacements of unstiffened pressunzed cylinders

wnth hoop stress {[#] AR-Ap RZ/(E )

Matenal o 2024-T3 (1.0 mm)

Lap joint :' ~3rivet-row

SRR - NAS1097ADS5-5 (4.0 mm) nvets
-§=p= 20 mm

Applied stress  : 97 MPa

inner sheet , ~~ outer sheet © | cylinder
"R AR R+AR R AR | R+AR | R+AR .
299.5 0.8863 300.39 | 3005 | -0.1162 | - 300.38 300.40
612.5 1301 61380 | 6135 0.3059 | 613.81 613.81
999.5 1.863 1001.36° 1000.5 0.8049 1001.30 1001.33 -
1499.5 | - 2475 1501.98 | 1500.5 1.479 1501.98 1501.99
1999.5 3.138 | 2002.64 2000.5 2143 2002.64 2002.66
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