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PREFACE

This report presents the results of the investigation into Design Method-
ology for Bonded-Bolted Composite Joints, Contract F33615-79.C-3212, The
worl. was performad by the Douglas Aircraft Company, McDonnell Douglas
Corporation, Long Beach, California during the period August 1979 to June
1981, ©Or. L. J, Hart-Smith was the Principal Investigator,

This work was sponctored by the Air Force Flight Dynamics Lahoratory, Wright-
Patterson Air Force Base, Ohio, Dr. V., B. Venkayya and Lt. P, J. Conrad were
the Project Engineers.

The computer coding for the programs A4EY, A4EJ and A4EK will be made
available through the Aerosnace Structures Information Analysis Center,

(L L

111




DT e TR LY TR L Ty T T e

o o s gy
y

TABLE OF CONTENTS

e e s

: Section Page
1 SUMMARY . . . . . . . e e e e e e e 1
2 NONLINEAR ANALYSIS OF ADHESIVE-BONDED STEPPED-LAP JOINTS
' AND DOUBLERS . . . . . . . e e e e e e e e e e e e e e 5
2.1 INTROGUCTION « v v v v e v e e e e e e e e e e e e e e 5
2.2 SYMBOLS & « v o e i e e e e e e e e e e 6
2.3 NONLINEAR ANALYSIS OF ADHESIVE-BONDED STEPPED-LAP JOINTS . . 7
2.4 SAMPLE SOLUTIONS . . © v v v v e v v e e e e e e e e e e u 19
2.5 EXPERIMENTAL EVIDENCE . . . . . . .. . e e e e 27
2.6 LOAD REDISTRIBUTION DUE TO DISBONDS IN ADHESIVE :
IN STEPPED-LAP JOINTS . & + v o v v v e e ee e v e e o © 30
2.7 CHECKS ON ACCURACY CF THE SOLUTIONS . . . . . . . ... .. 35
2.8 CONCLUSIONS .+ v v v v v v v e e v e e v e e e e u s ce .. 35
3 NONLINEAR ANALYSIS OF MULTIROW BOLTCD JOINTS IN FIBROUS COMPOSITE
AND METAL STRUCTURES '+ v & v v v v v v e o v v e e e e e e e 37
3.7 INTRODUCTION « v v v v v v e v e e e e e e e e e e e e u 37
3.2 SYMBOLS « « « v v e v e e e e e e e e e e e e e 38
3.3 LOAD-DEFLECTION CHARACTERISTICS FOR A SINGLE FASTENER .-, ;339
3.4 LOAD SHARING BETWEEN MULTIRUW FASTENERS : . .. . » .io-v . o-: 44
3.5 FAILURE CRITERIA AT FASTEWER HOLES . . .' ....... ;'. ;‘_35}
3.6 EXPERIMENTAL DETERMINATION OF INPUT DATA FOR COMPUTFR L
TR 3 £ R S 55
.7 SAMPLE SOLUTIONS . . . . . . . . .... f. e .57
8 CONCLUSIONS . . . . . O A -
RIS TRIP A
~ 4 NONLINEAR ANALYSIS OF BONDED/BOLTED JOINTS . . . . . .'. . . . . .67
4.7 INTRODUCTION . . v v v v v v e e ae v i e v e e R
‘ 4.2 REPAIR UF DEFECTIVE BONDED JOINTS BY MEGHANICAL ATTACHMENTS 69
4.3 REPAIR OF DAMAGED STRUCTURE BY BONDING AND BOLTING .= .. " ¥5

4.4 COMBINATION OF BONDING AND BOLTING IN FAIL-SAFE STRUCTURES . 79




B e I o e R e e O R

TABLE OF CONTENTS (Concluded)
;l N
4.5 ANALYSIS OF FAIL-SAFETY OF BONDED/BOLTED STRUCTURES . . . . #2
., 3.6 CONCLUSIONS . . v v v v v vt et e et e e n 85
[ REFERENCES « « v v v v v v e e v e v e e e e e e e e 87
| :
A | RPPENDIY. © o v v v v i v vt e e e e .. 8
E
E :
F- E .
I I
;|
3 ,
5
fl
ki
3 )
i Accession For
3 TETIS  GRAMT 4
5‘ DTIC TAB T
4 Unannousced -
E Justifieation. .

; By

3  Distribution/

: | ; Availability Codes |
| . Avail and/or

¥ | “Iptst | spocial

k|

AL

> oTIC

! copY
\NSPECTED
¢
’ vi
'y it




ARR TR A YRANIE  wWikar -qss! R E A SN T N e AL e By AT T VY Rw o e -

LIST OF ILLUSTRATIONS

f
IR e T w

|
;{ : Figure Page
gl &
R 1 NOTATION AND GEOMETRY FOR ADHESIVE-BONDED STEPPED-LAP JOINT
F M ANALYSIS & v v v v e e e e e e e e e e e e e e 7
Lk 2 REPRESENTATIONS OF ADHESTVE NONLINEAR SKEAR BEHAVIOR . . . . . 9
2 ' 3 EIGHTEEN TYPFS OF ADHESIVE BEHAVIOR IN BONDED JOINTS . . . . . 14
5 % 4 ADHESIVE-BONDED JOINT LOADED BY IN-PLANE SHEAR . . . . . . . .18
g‘ | 5 STEPPED-LAP ADHESIVE-BONDED JOINT . . . . . . . . ... ... 19
6 ADHESTVE SHEAR STRESSES AND STRAINS IN STEPPED-LAP BONDED
3 JOINY o e e e e e e e e e e e e e e 21
| 7 ADHEREND STRESSES IN STEPPED-LAP BONDED JOINT . . . . . . . . 21
?} IMPROVEMENTS DUE TO FIRST REDESIGN OF STEPPED-LAP BONDED JOINT 23
g 9 IMPROVEMENTS DUE TO SECOND REDESIGN OF STEPPEL-LAP BONDED
¥ ) £ 23
| & 10 RESIDUAL THERMAL STRESSES FROM BONDING TITANIUM TO GRAPHITE-
S EPOXY . .. L. L. e e e e e e e e e 25
F Lo
. 1 TENSILE LOADS ON STEPPED-LAP BONDED JOINTS WITH THERMAL
SR 4 L 26
P g; 12 COMPRESSIVE L.OADS ON STEPPED-LAP BONDED JOINTS WITH THERMAL
¥ MISMATCH & . o v e e e et e e e e e o ete e e e e 26
5 é- 13 FAILURE OF STEPPED-LAP ADHESIVE-EONDED JOINT . . . . . . . . . 28
i §5 14 PREMATURE FAILURE OF STEPPED-LAP BONDED JOINT BY DELAMINATICN 29
T 15 STRENGTH LOSS AND LOAD REDISTRIGUTION DUE TO DISBONDS IN
I STEPPED<LAP JOINTS o o' v v v v v e v v v e e e e e e e e e a 31
- 16 STRENGTH LOSS AND LOAD REDISTRIBUTION DUE TO DISBONDS IN
11 STEPPED-LAP JOINTS . .+ . . % v v v v v v v v e v e e e e s 32
K 17 STRENGTH LOSS AND LOAD REDI)TRIBUTION DUE TO DISBONDS IN
_;' ; STEPPED=LAP JOINTS .+ » « v v o o o v e e vie oe e e e 13
oy 18 COMPRESSIVE LOAD ON SMALL STEPPED-LAP JOINT WITH DUCTILE
! ; ADHESIVE . . v i v v i v e e e e e e e m e e e e e e 34
yOF 19 PREMATURE FAILURE OF ADHERENDS DUE TO DISBOND IN ADHESIVE . . 34
I 20 FASTENER LOAD-DEFLECTION CHARACTERISTICS . . . . . . . . . . . 40
S 21 DEFORMATIONS IN MECHANICALLY-FASTENED JOINT . . . . . . ... 4
22 IDEALIZED FASTENER LOAD-DEFLECTION CHARACTERISTICS . . . . . . 42
23 STRESS TRAJECTORIES ARDUND BOLTS FOR TENSILE AND COMPRESSIVE

LAP SHEAR ', . v & « o ¢ v i e e e e e e e e e e e e e 42




R '-.1

Figure

24
25
26
27

37

38
39

46

47
48
49

R bkt - L o~ ekl R0 AL SRt et o H A A e A ot R Ll R R A SR

LIST OF ILLUSTRATIONS (Continued)

LOADS AND DEFORMATIONS ON ELEMENTS OF BOLTED JOINT . . . . . .
RIVETED FUSELAGE SKIN SPLICES . . . . . . . . . . ... . ..
WING PANEL JOINT AT SIDE OF FUSELAGE . . . . . . . . . . . ..

RAMBERG-0SGOOD NONLINEAR CHARACTERIZATION OF STRESS-STRAIN
BEHAVIOR . . . . . o o v e s e e e e e e e e e e e e

BEARING/BYPASS LOAD INTERACTION FOR LOADED BOLTS IN ADVANCED
COMPOSITES . . & & v it e e e e e e v e e e s e e e e e

EXTREMES OF BEARING-BYPASS LOAD INTERACTIONS . . . . . . . ..
IDENTIFICATION CODE FOR BEARING-BYPASS LOAD INTERACTIONS . . .
OUTER ENVELOPE OF BEARING-BYPASS LOAD INTERACTIONS . . . . . .
BOLTED COMPOSITE JOINT . . . . . . . . . . . .« . v o oo ..
INFLUENCE OF HOLE CLEARANCE GN STRENGTH OF BOLTED JOINTS . , .
BOLTED METAL JOINT . . . . . . . . v o s ot e v e a e e v e
COMPARISON BETWEEN BASIC AND REFINED FUSELAGE SKIN SPLICES . .
BOLT LOAD DISTRIBUTION IN POORLY-DESIGNED MULTIROW BOLTED

JOINT . . . . e e e e e e e e e e e e e e e

BOLT LOAD DISTRIBUTION IN IMPROVED DESIGN FOR MULTIROW BOLTED
JOINT & o . s e e e e e e e e e e e e e e e e e e e e

STEPPED-LAP BONDED/BOLTED JOINT . . . . . . . . . ¢ « .+ . .

LOAD TRANSFER THROUGH BONDED/BOLTED STEPPED-LAP JOINT WITH
NO FLAWS . . . . . . o e e e e e e e e e e e e e e e e

LOAD TRANSFER THROUGH ADHESIVE-BONDED STEPPED-LAP JOINT
WITH NO FASTENERS . . . . . . . .+ . . o v v o o v v v v

Am Tha oerTn T [ald Fal ] nra Trn T 1.
LUHU lr\Hl“orcr\ iRRGUGH BOLTED \}Cl n’IIHO'un; r"‘u‘\"l’ AQHESIVE

LOAD TRANSFER THROUGH FLAWED BONDED JOINT REINFORCED BY BOLTS
LCAD TRANSFER THrQUGH FLAWED BONDED JOINT REINFORCED BY BOLTS
LOAD TRANSFER THROUGH FLAWED BONDED JOINT REINFORCED BY BOLTS

POTENTIAL MANUFACTURING PROBLEMS WITH STEPPED-LAP BONDED
JOINTS & v v v s e s e e e e e e e e e e e e e e e e e e e

ADHESIVE-BONDED REPAIR OF DAMAGE TO FIBROUS COMPOSITE
STRUCTURES & & v v ot o e e s e v s e e e e e s e e e o

SIMPLIFIED ANALYSIS OF LOAD SHARING WITH BONDED REPAIRS
LOAD TRANSFER THROUGH BONDED/BOLTED FIBROUS COMPOSITE PATCH

INDEPENDENT ACTION OF FASTENERS AND ADHESIVE IN LOAD
REDISTRIBUTION DUE TO BOND FLAW . . . . .. .. . ... ...

viii

Page

75

76
77
79




LIST OF ILLUSTRATIONS (Concluded)

Figure P
50 USE OF ADHESIVE BONDS TO PROVIDE FAIL-SAFETY FOR RIVETED
| JOINTS IN THIN STRUCTURE . . . . . . . . . . . v . v v e vy 81
51 NEED FOR FAIL-SAFE FASTENERS IN THICK BONDED STRUCTURES . . . 83
| 52 USE OF BOLTS AS FAIL-SAFE LOAD PATHS IN BONDED STRUCTURES . . 83
53 DAMAGE CONFINEMENT BY COM3INATION OF BONDIMG AND BOLTING . . . 84

1Ny T TOPRTRIINTRORS, ST R EPLERS T ST MR <t RIS T A DA R S S - TR ANTIEYS L

fovuiche ol bt Lk b s g

FRPIIPALI TN a3

~
o R M it G’ "Bt s s a2 e et 120t N Ak o kel ¥ cadiinidll

A
!
4

ix




TABLE

Number Page

. STRENGTH OF VARIOUS FLAWED BONDED STEPPED-LAP JOINTS . . . . . 33

TrTTeEpY o




) SECTION 1

SUMMARY

"It has long been recogrized that the critical feature of aerospace structural
design is the joints between the elements. They often represent reductians in
static strength, and stress-concentration sites where fatigue damage <can
initiate. These situations are even more demanding for advanced composite
structures because they are birittle and lack the ductiiity to redistribute
loads (and mask mperfections in analysis) which is so characteristic of
conventional melal alloys used widely throughout the industry.

This report examines three aspects of the analysis and desigr of Jjoints in
advanced fibrous composite structures: (1) nonlinear analysis of adhesively-
bonded steoped-lap joints and doublers, (2) multirow mechanically fasiened
joints in aerospace structures, and {3) nonlinear anulysis of combined bonded
and bolted joints. The methods developed inciude noniinearities needed for

_metal structures as well as those for compousites. The analyses are based on
continuum mechanics technigues and have been coded into three Fortran IV
digital computer programs AAEI, A4EJ, and A4EK, respectively. This work
buiids ubon prior contract research for the NASA Langley Research Center and
the UBAF Flight Dyramics Laboratory in which elastic-plastic analyses were
develoned for adhesively-honded steppec-lap joints and doublers and coded as
the AAES and A4EH programs.

The material din Section 2 on uonlinezr analysis of adhesive-bonded
stepped-lap joints and doublers contains derivations for elastic,
elastic-placstic, and bilinear adhesive models, The anaiysss have been coded
into the computer program A3EI which is used to demenstrate many of the
characteristics of thick stepped-lap bondeu ioints betweon metal and fibrous
coaposites. The sample solutions cover the effect of the type of Toad
application, tension, compression, or in-plane shear; the residual Therma)
stresses due to curing the adhesive at elevated temperature or to co-cure and
bonding of the composite to the metal; the improvement of joint strength by
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optimizing the joint proportions, particularly those of the end metal tab;
the changes in critical failure mode with temperature and/or the nature of
the applied loads; and the load redistribution around and across flaws, The
importance of having such an analysis method available is emphasized in terms
of experimental evidence as to the probiems and weaknesses associated with
unsuitably proportioned stepped-lap joints,

The nonlinearities included in the new analysis method in Section 3 for
multirow mechanically fastened joints in aerospace structures include the
fastener load-deflection characteristics, the provision for clearance around
fasteners, the elastomechanical deformation of the members between the
fasteners, and the interaction between bearing and bypass 1lgcads in
establishing the failure loads at each station. The analysis has been coded
into a Fortran IV digital computer program A4EJ, The solution is by
continuum mechanics rather than finite elements, and the computer run times
are therefore extremely short. This greater definition of the internal Toad
transfer within such a joint requires considerably greater input data than
older simpler analyses and the report indicates just what data will be
required to be generated. Sample solutions are presented, to cover thick
fibrous composite structure, and thin metal struciure, to illustrate the
capabilities of the analysis.

The combined bonded/bolted joint analysis in Section 4 of this report needs
ﬁo new derivations beyond those in Sections 2 and 3. The illustrative
examples show how the combination is typically no better than a nominally
perfect adhesive-bonded joint alone. because the adhesive is typically so
much stiffer than the fasteners. However, the combination is shown to have
substantial benefits in the context of repair of improperly bonded structure
prior to delivery, of the in-service repair of damaged structure, and of
damage confinement in thick fibrous composites or bonded laminated metal
structures. While it is widely recognized that bonded/boited joints are
difficult to Jjustify for perfect structures, there are thus several
situations which warrant having the capability to design and analyze such
structures when allowance is made for real-world defects and damage. The
separate analyses A4EI for bonded joints and A4EJ for bolted joints have been
combined into the single computer program A4EK for combined bonded/bolted
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joints, The sample solutions presented pertain to fibrous composite
structures, but the program is equally applicable to all-metal structures.

If one highlight were to be singled out from_ the new developments in this
investigation, it would have to be the use of fasteners in thick fibrous
composite (or laminated metal) structures to provide fail-safety by prevent
ing the wide-spread delaminations that could otherwise he initijated by quite
local damage. While the fasteners carry virtually no load as long as the
bond and 'aminate are intact, they enable any remaining adhesive after damage
to work more efficiently as well as accept load themselves to relieve the
Toad on the bonds or resin interfaces. This condition could arise anywhere
in the structure, not just at the locations of the original splices. Thre
exampies shown for this problem encourage the belief that, with the analyses
generated by the A4EK program, it should be possible to thus design
sufficient fail-safety into thick composite structures, The residual
strength of the damaged structure could be so high as to parmit safe
operation at the original strain level with only a loss of effective area in
the damaged area, with no notch effect to reduce the load carrying capability
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SECTION 2

NONLINEAR ANALYSIS OF ADHESIVE-BONDED
STEPPED-LAP JOINTS AND DOUBLERS

2.1 INTRODUCTION

The elastic-plastic analysis for the internal stresses and strains in the
stepped-lap adhesive-bonded joints 1is documented in References 1 and 2.
Those analyses are modified here to account for the features added since
then. The original solution in Reference 1 produced the digital computer
program A4EG for bonded joints., ‘This was expanded in Reference 3 to produce
the program A4EH for honded doublers as well as bonded joists. The differ-
ence between the two is that, for bonded joints, the entire load is trans-
ferred through the adhesive while, for bonded doublers, only a fraction of
the load is so transferred, with the remainder staying in the continuous
memher. As part of the Primary Adhesively Bonded Structure Technology
(PABST) program, these earlier programs were expanded to include variable
adhesive properties along with the earlier variable adherend properties.
This new analysis, coded as the Fortran IV program A4El is reported in
Reference 2. (The earlier programs should now be considered superseded.)
For the first time it became possible to analyze such effects as load
redistribhution around bond flaws, the strength loss due to pinch off of the
adhesive at the edges of the overlap, and the consequences of porosity.
Also, the logic was improved to reduce the already short run times and to
minimize the amount of data input.

The nonlinear analysis presented here covers all of the material in Reference
2, as coded in the program A4El, as well as new developments not yet coded.
These include the bilinear adhesive model used for double-1ap joints 'in
Reference 4. This is not necessary for improved accuracy, but facilitates
the generation of a set of solutions for a range of applied loads., The
solutinon here also includes a variahle bond width along the length of the
Jjoint, as with finger doublers, which is incorporated in the combined pregram
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2.2 SYMBOLS

A, B, C, H, J, K

A', B', C', D'

|
[ A4EK for honded-holted joints,
|
|
|
‘ Integration constants

; D Effective disbonding (zero to unity range)
j Ei1, E2 Young's moduli of adherends
i! F Number of adhesively bonded surfaces (one or two)
l Gap» Gpl Adhesive shear moduli
oo % . Total overlap (length of bond)
E | %t Length of individual step in joint
i‘ » Pis D2 Running loads introduced along length of joint
;_ { 71, T2 Direct stress resultants in adherends
L} AT Temperature change (Toperating - Tcure)
' t1, ta Thicknesses of adherends
3 W, Wi, W2 Widths of adherends
3% X Axial (longitudinal) coordinate parallel to load direction
,i X Length of plastic portion of step
; C1, G2 Coefficients of thermal expansion of adherends
j y Adhesive shear strain
Fi Yoo Yp Elastic and plastic adhesive shear strains
!{ 81, 82 Axial (longitudinal) displacements of adherends
|

N
. n Thickness of adhesive layer
i

Exponents of elastic and bilinear adhesive
shear stress distribution

T Adhesive shear stress

Te1o TP Elastic and plastic peak adhesive shear stresses

Subscripts

& : .
1, 2 Different adherends at each end of joint :
e, el, p, pl Elastic and plastic adhesive behavior

ref Value of quantity at start of step (x = 0)
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2.3 NONLINEAR ANALYSIS OF ADHESIVE-BONDED STEPPED-LAP JOINTS

A representative idealized stepped-lap joint is shown in Figure 1, along with
the sign convention and nomenclature necessary for the analysis. The

analysis of this joint 1is conveniently subdivided into two to four stages,
depending on the adhesive strain. '

"_Il'w G. 1, To- Tp
'
P n. ‘ P=20
- e e g
CENTERLINE
— Ox {REFERENCE)
8y 4 v [ T, s
- H —_— — 1t ety T]Ax
Ly ZEV“‘IOT:L ty 2 \El'al .;_\-1_. . Eyt '
1 qr fiinginding
_——— T
JOINT GEOMETRY e "il te AT]A"
: - :
Flp= T
,~ pe = PLASTIC.-TO-ELASTIC TRANSITION 2

r—~ep = ELASTIC-TO-PLASTIC TRANSITION DISPLACEMENTS AND ELEMENT LOADS
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Equiiibrium And Compatibility Equaticns

The analysis begins with the equilibrium equations for a differential element
of one of the steps. :

aT,

—— ~ p + F(1-D)tw = 0, (1)
ax _

dT,

- 4+ p; - F{1-D)tw = 0, i (2)
dx . 0 -

in which v is {he bond width,

v is the liesser of w; and wz

(3)

The factor F is used to distinguish hetween single and double adhesive bond




surfaces.

F

[}

(4)

LY

1 for one layer of adhesive (single shear) }

F = 2 for two layers of adhesive (double shear)

The term D represents the effective disbond or porosity at that step, and the
shear stress t characterizes the adhesive on the reduced area that is fully
stressed. The factor 1-D is needed to relate the adhesive shear stress t to
the differential motion between the adherends in terms of adhesive
stress-strain characteristics measured on unflawed adhesive bonds. The
adherend forces T, and T, refer to the <total lcad 1in the adherends,
rather than the loads per unit width modelled in Reference 2. Those loads
may actually be in one or two physical menbers, depending on the number of
adhasive-bonded surfaces. ‘

The thermoelastic relations for the adherends are:

d61 Ta ) d62 TZ .
—= + a1 (AT), —— = + o2 (AT), (5)
dx itiwy dx E;tows ’
in which

= T - = - )
aT “operating Tstress-free Toperating Tcure (6)

and is usually negative.

As a first appreximation, the adhesive shear strain is represented as
Y= (8, - &) / n (7)

and is assumed to be constant across the thicknass of the adhesive. This
approximation violates the stress-free edges of the adhesive and results in a
significant overestimate of the elastic adhesive shear stresses at the ends
of the overlap; however, the error hecomes progressively smaller as the
adhesive {is strained more into the nonlinear or plastic state, Differentia-
tion of Equation (7) and the elimination of the displacements via Equations
(5) leads to the result

dy 1 /46, 46, 1 Ta Ty
— O e | m——— o —— o= - +(G2—01)AT - (8)

ax n dx dx n \Eztaws Eit1wa

L]
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A further differentiation of Equation (8), in conjunction with Equations (1)
and (2), leads to the expression

a*y F(1-D)w 1 1 1/ m P2
- + T= = — ~ 4 . (9)
ax? n Eitiwy  Eztaws n\Eit1wi  Eaztaw: :

Within the elastic region of adhesive behavior, as with light appiied loads

or near the middle of the bonded overlap, the adhesive stress is related to
the shear strain by the eguation

T=6 (for v Zv,) : . (10)

e.lY
while, throughout any plastic adhesive areas,

T = T, = constant. (for vy 2 Y.) (11)
For the nonlinear behavior of a hilinear elastic model,

T=T1 (-Y_-Ye) = (Gel‘-Gpl)Ye + Gpl'Y. (fOl‘ Y 2 'Ye) (12)

el * Gpl
These varicus adhesive models are shown in Figure 2. There is no need for
any more complicated adhesive models. '

ELASTIC-PLASTIC MODEL FOR INTERMEDIATE LOADS

— > —

- t- BILINEAR CHARACTERISTIC

TRUE CHARACTERISTIC
ADHESIVE Jo £ous AREAS
SHEAR ¥
STRESS,
T

ARCTAN (G)
Y (% I7li )

ADHESIVE SHEAR STRAIN,Y

FIGURE 2, REPRESENTATIONS OF ADHESIVE NONLINEAR SHEAR BEHAVIOR
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Elastic Solution

The combination of Equations (9) and (10) yields, as the governing differen-
tial equation for the elastic hehavior,

a%y G 1 1 1 P P2
— - F(1-D) el ( + >Y = - - + - ar.- (13)
ax? n \Eit1w; Eatpw2 n\Eit1v1  Eatavz/ L
or, on introducing the coefficient
G .w 1 1
el ( + > , o o {(14)
n Eitiwny Extaowa ‘
d%y _ -
~—— = A%y = corntant. B - (15)
ax?

The elastic adhesive shear strains are then expressed as

¥y = A cosh(Ax) + B sinh(Ax) + C , (16)
in which
1 ™ P2 |
¢ = + . ) (17)
A%n \Eit1w;  Eztzw2

Integration of Equations (1) and (2) in turn, making use of Equation (13),
leads to the expressions '

Ty = Ti_ ., + P1X - F(l—D)Ge,wl-\A‘ sinh(Ax) + g(cosh(lx)-l) + Cx} , (18)
= < 1 e _
and
A B
Ty = Tz o = P2X + F(l"D)Gelw[T sinh(Ax) + -}‘-(cosh()\x)—l) + Cx] . (19)

The values of the integration constant T‘ref and Tzref depend on the origin
adopted for x. In the coding of the computer program A4El, it is convenient
to adopt the start of each. step as the origin of x for that step.
Integratina Equations (18) and (19) again and substituting the integrals into

Equations (5) yields the following

%
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1 p1x2
= ( m - -
$1 §’re + oy (AT)x + Ti_ X + F(1 D)Gelw

T Eitiw: ref o
A _ B . cx?
{——(cosh(kx)—l) + -—-(sinh()\:t) —'J\x\ + — (20)
A2 A? / 2 .
and
1 P:zx2
S, = &, + 03 (AT)x + T, X = + F(1~-D)C . w
ref Etavs ref 5 el
A B Cx?
[—-— (cosh()\x)-l) * —(sinh(%x) - )\x) + — . (21)
A2 A? 2

The subroutine in the FORTRAN IV digital computer program A4El used to solve
the equations above (or, more strictly, those in Reference 2 without the
variable width effect) for the elastic adhesive behavior employs the follow-
ing analysis technigue to determine the integration constants A and B. The
notation ref is used to identify the start of any step or bonded zone within

the overlap. The constant A in Equation (16) follows from evaluation of
Equation (16) at x = 0, Thus

A= Yrer = G (22)

with the constant C qiven in Equation (17). The other constant B can be
deduced by differentiating Equatien (16) once and equating the result to that
given by Equation (8). Thus

ay 1/ T, Ts \
—— = AX sinh(Ax) + BA cosh{Ax) = —(\ - + (op—-0p AT (23)
dx N \Ezxtzwz Eitiwy
so that at x = 0 o
1/7T; T
B = -—-( ref _ ref + (a2=01)AT } . (24)
An Eataws Eytw;

The values of Y, T, T1, T2, 6; and &, &t tne end of tnal step then follow
from Equations (16), (10), (18), (19), (20), and {(21), raspectively. These,
in turn, specify the initial conditions for the next siep.

11
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for the special case of the first step of the joint, it is necessary to
assume, or prescribe, a complete set of initial conditions. However, the
actual conditions which must be satisfied are shared between both ends of the
overlan. So it s necessary to adjust one of the initial conditions
iteratively until the other boundary condition is satisfied at the far end of
the bonded overlap.

Plastic Solution

The inclusion of plastic nonlinear behavior in the analysis is similar to

that above for the elastic solution, with one of the major complications
being the unknown location of any transitions between elastic and plastic

_behavior, The plastic adhesive shear stesss is constant throughout that

portion {or all) of the step, as given in Equation (11). Therefore, Equation

(9) becomes, for the plastic zones,

aty A2 1/ m P2

S L (25)
ax? Ge] ? n \Ei1tiwy Egtg?g_/ .
Thus, throughout the plastic adhesive areas,

aty A? 1 b . P2

—— s = .- + - = constant, (26)
dae* Gel n \E1t1v; Eataws i

so that '

vy = XHx® + Jx + K. (27)

The other constants J and K are determined by directly analogous techniques
with those used for the elastic solution. Thus

(28)

and, frcm equations (27) and (8),

1 T2 Ty
*=0 = --(...._.l:_d_f J— ref. + (00t )AT) . (29)
N \E:tawz Eptaw,

- = QY
YT &

The adherend lcads in the plastic zone follow from integration of Equations
(1) and (2), by means of Equation (11), as

12
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T, = Tlref + p1x - F(l—D)\"l’px (30)
and
T, = Tzref - pax + F(l—D)w‘tpx. " ) (31)

Equations (5) may then be integrated to yield

1 p;x2 x?
61 = 8y o+ ma(AT)x + — <T1refx + » - F(l—D)w1p7;-> (32)
and

1 pzx2 x? 13
0, = 62ref‘ + ax(AT)x + —— (T?‘refx - » + F(l-D)WTp-2—>. (33)

Very few individual steps of stepped-lap bonded joints or doublers have fully
plastic behavior throughout. Any plastic (or other nonlinear) behavior is
frequently confined to the ends of the outermost steps, because in order tc
achieve the excellent fatique behavior for which bonded structures are re-
nowned, it is desireahle not to oparate the adhesive beyond its proportional
1imit for frequently recurring loads. {lhe plastic strength is best reserv-
ed for overloads and for local load redistribution around flaws.) Therefore,
in performing elastic-plastic anaiyses of adhesively-bonded stepped-lap
Joints, it s necessary to compute the extent of the step under considera-
tion to see whether there is a transition to elastic hehavior,

The various possible bhehaviors are shown 1in Figure 3, Starting from
Equations (27) and (28),

= 2 ' 34
‘Y ;iﬁx + Jx + Yref, ( )

in which the constant J is given by equation (29). It is necessary to find
the lesser value of x for which

- ' 5
Y=Y, (35)
Equation (34) i¢ first rearranged to read

MHx_ 2 + Jx

P p ¥ (Yref - Ye) =0, . . (36)

so that the maximum extent of plastic adhesive zone is given by

13
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FIGURE 3. EIGHTEEN TYPES OF ADHESIVE BEHAVIOR IN BONDED JOINTS

i

‘ J J 2( - _
=l <_>____*_>_ (37)
‘1 - e H H H

? The minus sign in front of the radical holds whenever dy/dx is less than
i zero, as at the near end of the joint, Now, if the loading is such that vy is
!

negative and dy/dx positive at the start of the joint, the appropriate answer
‘ is the lesser of

J! J! 2 +
X =T = — 3 <..._>2 - (Yref Ye) . (38)
P H' H' H!

In evaluating this dimension, it is important to note that the expression for
H in Equation (26) is modified by reversing the sign of the term containing
the plastic shear stress Tp, Likewise, the expression for J in Equation (29)
is altered because the adherend loads T, and T, are negative. AfTter xp has

been computed from Equation (37) or (38), it is compared with the actual step 3
; length zstep. It x5 > 2step’ that particular step 1is fully plastic é
| b
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throughout, and the valuves of the various quantities at the far end of the
step are evaluated from Equations (27), (11), (30), (31), and (33).

Should X be less than £Step. the difference is examined elastically to see
whether the step remains elastic thoughout the remainder or becomes plastic
again at the far end. It is necessary that dy/dx be maintained at any
plastic-to-elastic or elastic-to-plastic transitions in order to ensure
equilibrium, as can be seen from Equation (29). 1In solving for the maximum
possible length of the elastic adhesive zone, one must provide both for the
case of shear strains of the same sign (positive or negative) at each end of
the step and for the case of a reversal of sign in the shear stress. The
latter can arise physically in the presence of adherend thermal mismatch (as
between fibrous composites and metals) but occurs most frequently as a result
of an imbalance between the known and assumed boundary conditions at the
start of the analysis. The procedure to determine the length of the elastic
zone is thus reduced to an iterative solution of the distance required for
the adhesive strain to become :
Y =Y, or -y,. (39)
If the elastic zone does not extend beyond the far end of the step being
analyzed, it 1is necessary to compute the load transferred between the
adherends throughout the elastic trough. In doing‘so, it is simple to take
the length computed for the elastic zone and substitute it back into
Equations (16), (10), (18), (19), (20), and (21) for the standard elastic
analysis of that portior. Should the elastic trough not extend to the far
end of the step, tquations (Z7), (11}, (30), (31), (32) and (33) are tnen
emplioyed for the plastic zone to the end of the step.

Bilinear Solution

The linear portion of the bilinear adhesive model shown in Figure 2 is given
by the elastic analysis above, just as for the elastic-p]ast%c model. So it
is necessary to discuss only the nonlinear portion here. In this case
Equation (9) becomes

E
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z
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a*y w ( 1 1 )
—— - - F(1-D) + G .y =
dx? n Eitiwy Eatawa Pl

A4 1 1 1 P1 P2 .
— F(1-D) + (Gel"Gpl)Ye - - + (40

n Eitiwy  Eatawz n \Eitiwy Eztaw:

or, in terms of Equation (14),

d*>y - G G 1 P P2
— . B Ay = (1 - —P-l~>)\2‘(e - -—( + . (41)
ax? Gy Goy n \Eit1w; Eatawz

It can be seen that this has the same basi¢c form as Equation {15) for the
linear elastic solution. It is sensible to introduce the notation

G, ' ‘
()\v)z = —BL ()\)2 - (40)
Gel

so that the solution of Equation (41) is

Y=Y, tA cosb(A'x) + B' sinh(A'x) + C° (43)
in which
1 Pi P2 G '
C' = + ) - _‘?.l. Ye (4(;)
(A")2n \Ejt,wy  Eptawa Gpl

The adhesive shear stress then follows from Equation (12) as

= : ' tee o ¥
=G, *A c;pl cosh(A'x) + B c,Pl sinh{(A'x) + C Gpl. (45)
= 'G ! G Al ATy t 8
T=A'G cosh(A'x) + B Gy sina(A'x) + D G0 (46)
where
i P1 P2 G,
D' = ( + > = tL ¢, . (47)
(' )21‘\ \EB1tws Eztaws Gl"l
The loads in the adherends then foliow from the integration of Equatiens (1) )
and (2} as ' '
Af B'
Ty = T"ref + p1x - F(l-D)Gplw ;-; sinh(iA'x) + -}1—'1 (cosh(k'x)—l) + D'x] (48)
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and

A’ B!

Ty = Ta oo = P2X * F(l—D)Gplw ; sinh(A'x) + -; (cosh()\'x)-l) + D'x] . (49)

The displacements then can be evaluated from Equations (5) in the form

1 p1x’
&, = Glref + 0 (AT)x + ——<T) gt T F(1-D)G

p1.”
Eitiwa 2
A B' . D'x? _
[ (cosh()\'x)—l) + (sinh(k'x)-l'x) + - ]} (50)
(xr)? (xr)? 2
and
1 pzxz
§, = 82 + mz(AT)x + T2 X - + F(1-D)CG .w
ref Eatowa ref o pl
A' B! D'x? g
[ (cosh(l'x)-l) +'———-—~(sinh(k'x)—k'x\ + ] . (51)
L(xr)? "’ (A*)? ! 2 1

These equations are employed in much the same way as th .se above for the

elastic and plastic solutions, The constant A' follows from Equaticn (42),
evaluated at x = 0. That is

Al = Yrer 7 Ye . (52)

Simiiariy, the constant B‘ is determined in exactly the same form as 1in
Equation (24)., Thus

1 Tzr-f Tlref
B! = — - <~ + (02-03 )AT ) . (53)
(X")n \Eztaw, Eijtiwy

Just as with the plastic analysis above, it 1is necessary to compare the
extent of each step with the length over which the nonlinear adhesive be-
ravior can occur. The procedure is first to evaluate Equation (43) over the
entire step length and determine whether or not the strain at the far end of

the step 1ies in the linear or nonlinear regime. The step can be subdivided
into nonlinear and linear zones as necessary.

1
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In-Plane Shear Loading

The derivations above have been presented for in-plane tensile or compressive
loading across the bonded joint. The governing equations for in-plane shear
loading (Figure 4) have precisely the same form, as explained in Reference
1. Only two changes are needed. The adherend extensional moduli E; and E;
must be replaced by the shear moduli G; and G,. This causes an increase 1in
the distribution parameters A and A' which, in turn, results in higher peak
adhesive shear strains than if the same 1load intensity were applied in
tension or compression. However, since the adherend materials are usually
weaker under in-plane shear than wunder direct in-plane tension or
compression, the adhesive is still wusually not the weak 1link 1in the
structure. It 1is necessary also to delete the inciusion of the adherend
ithermal mismatch terms for in-plane shear Tloading, since those residual
stress effects do not induce in-plane shear preloadin~ in the adherends.
That effect must be ignored until some more complex analysis is formulated to
account for Jocal effects which peak in two corners of the bond area rather
than all along two edges. With ductile adhesives, the resultant effect o7 a
small preload strain orthogonal to those induced by the basic applied load is
often insignificant anyway.

NN

e e om -~---‘
/)

‘f—"—-‘\/}

.
r{ . /"’/U-
ADHESIVE SHEAR l T |

NN
N

A
L

7,
7z
& ~

f/

' STRESS DISTRIBUTION

{ ADHESIVE SHEAR

' ‘ STRAIN DISTRIBUTION
|

SHEAR DEFORMATION
(EXAGGERATED)

FIGURE 4. ADHESIVE-BONDED JOINT LOADED BY IN-PLANE SHEAR
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2.4 SAMPLE SOLUTIONS

The sample solutions for adhesive-bonded steppped-lap joints and doublers
which are given below are mostly concerned with variations on ore basic high-
load-intensity titanium to graphite-epoxy joint. The capabilities of the
computer program A4EI are illustrated in terms of the different solutions for
elastic, ultimate, and potential bond strengths, of the residual thermal
stresses induced during cool-down after cure, of the different strenaths in
tensile and compressive load application, and of the load redistribution due
to various bond flaws. Part 4 of this report uses this same basic joint as a
means of showing how effective mechanical fastening is on its own, in con-
juntion with the adhesive, and as a substitute for the adhesive in disbonded
areas. References 1, 2, 3, 5, and 6 convain different sample solutions which
augment the information about the features and capabilities of this program.

HTS BIWTF!WXV-—\

[ T

w

.._....lg e e+ — — e~ ——— ¢ —— T T e e -
[ S — e TS ‘

2 M
)
fe—t 75— : ¢ ?
SEVENSTERS . (ALL CIMENSIONS IN INCHES )
TYNCAL)
b : 52— |
T 255 O 85551
' 1
SCALE (cm) A. SPECIMEN GEOMETRY SCALE (1)

STATION BUMZERS 1

? ___;&, T, -1 ADHENEND |
s M MATERIAL: VITANIUW
e-teex1t'
sHEaR AKCTANIG) F,, - 130K8)
sTmesy 4 G 60 coory L = 0.000NM/*F
oy ADHERENDS 2
2 MATERIAL: HTS GRAPHITE
: RO L Y,Y, .02 1 > 45% C® PLIES!
! B £~ 10.0 %108 p3y
-9 y L F,* 100 K8
i (1] n2 [
SHEAR STRAIN -0

ADNHENIVE THICKNESS n = D005 IN. C. ADHEREND PHOPERT'ES

8. ADHESIVE PROPERTIES

FIGURE 5, STEPPED-LAP ADHESIVt..JNDED JOINT




w—%——-—-' AT e L e L AR SEae— w— i ey i ey

Basic Joint Description

This basic joint is shown in Figure 5. It is a hypothetical joint, deliber-
ately not optimized, to expose the design problems. The adhesive properties
are not specific to any particular adhesive but representative of an adhesive
which has a higher service temperature capability than the ductile adhesives
used on the PABST program, in conjunction with somewhat more ductility tnan
exhibited by the first generation of high-temperature brittle adhesives.

The following illustrative example solutions perform two functions. They
demonstrate the capahilities of the analysis program A4El and, in the
process, explain many of the important considerations in the design and
analysis of stepped-lap adhesive-bonded joints, The computer code itself is
listed in Volume Il of this report. along with the user instructions.

Solutions In Ahsence Of Residual Thermal Stresses

Figure 6 shows the adhesive shear stresses and strains associated with the
simplest solution of the joint in Figure 5, neglecting the thermal stresses.
{Strictly, for this case, the adhesive properties used in the analysis should
have been those whick apply at the stress-free temperature, about 3000F,
but these <curves are to bhe compared later with equivalent solutions
accounting for the residual thermal stress effects and it would be confusing
to cover two perturbations simultaneously.) Three curves are shown in Figure
h; for the adhesive elastic capability, for the failure of *he . joint in the
adherend, and for the potential hond strength of the adhesive had the
adherends been stronger. This information is typical of the answers obtained
when the joint strength is sought. Note how, in the strain curves orn the
right, there is none of the flattening out associated with the stress curves
on the left. The peaks of the stress and strain curves occur at the steps

(discontinuities) in adherend properties at each station, It can be seen
from the strain curves, on the right, that even at ultimate Toad only a small
fraction of the adhesive is loaded beyond the elastic adhesive strain, so the
accumulation of creep under sustained load is improbable. Indeed, over half
of the adhesive is strained to less than 15 percent of its failure strain
prior to failure of the adherend.
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This design in Figure 5 was deliberutely not optimized, to highlight some
characteristics of stepped-lap adhesive-bonded joints, The ultimate strength
is limited not by the adhesive, but by the thin, excessively long end step on
the titanium plate, as shown in Figure 7. This end step frequently fails in
fatigue if the joint proportions are not sized carefully. Figure 7 shows the
further information, beyond that in Figure 6, which is provided by the
analysis of such joints with the program A4Ll,

Improvement Of Joint Strength By Optimizing Proportions

Armed with information of the type shown in Figures 6 and 7, one would set
about modifying the design to improve the joint strength. It is evident
that, since the adhesive shear strains at each end of the joint are roughly
equal, the overall stiffness balance is gonod. Any further impovement in that
regard would probably be thwarted by the constraint that the fibrous
composite lamirate must consist of an integral number of plies. The neecd for
stiffness balance is why there is such a pronounced thickness buildup at the
right side of Figure 5. However, since the titanium end step is either too
thin, too long, or both, it should be modified, It is preferable not to make
it too thick, lest it joggle the fibers in the Taminate and thereby weaken
the other member more than it is strengthened itself. A tip thickness in the
range 0,030 inch to 0.050 inch is usually found to be optimal. So a redesign

. should shorten that step, as well as lengthening some of the middle steps to

decrease the minimum adhesive shear stress there. Since the composite
adherend is weakest at its end step, as shown in Figure 7, that also should
be shortened. Figure 8 depicts the results of such a reanalysis, showing how
the ultimate strength was increased from 34075 1bs/in. to 38033 1bs/in. This
is a rather small increase, and was sufficient to reduce the potential bond
strength from 51519 lbs/in. to 328033 1lbs/in., since the adhesive is now
¢ritical rather than the adherends. Therefore, one should perform a further
redesign of the joint with the only variable left - an increase in the number
of steps. The results of such a further design iteration are shown in Figure
9. The ultimate (and potential bond) strength was increased to 46363
1bs/in, This represents a substantial increase over the 34075 1bs/in, of the
initial design in Figure 6, showing how important it is to properly
proportion  the  step  details. However, it nwust be recorded




Lol

T oy P =

it

S A

e e e -

Lid

P

ot et o T

T T T e mgras e

JFIGURE 8, IMPROVE®ERN

NO RESIDYAL THERMAL STREXSES
Qaree
— STRENCTH OF ACHEREND 1

:.—v—l’—-

4 "
YTy S, Feb A
L . VEAY BMALL MARGIN
i VYonen = $I0AT WO LN LOAD AT ROOT UF TIF
5 COMPARE WITH 1370 STEPIN mumu7
.
<0400 AT M OT5 LAN
(X115 R N .
FOR UNOPTIMIZED BASELIME & e
N S . , R >
| 2 NITE CHANAGES 1M STEP LENGTHE L 4 s s 18
AOHESIVE AND INCAEASE I8 OVERALL LENGTH STATION

SHEAR 0t
STAAIN

STRERGTH OF ADHERENDS 7

SIBNIFICANT MARGIN

T R
- KINTIR) ‘. STEP IN GRAPHITE:
. ™
0 -
. LOAG IN AGHERENDS 2
’ . . 1 2
I T ry 5 K
LYATION STATION

SCALE
aCHED) . £ N e

- ima a mesem e mosema

4
NO REJIOUAL THEMMAL STAESSES "nh STREAGTH OF ADHEREND 1
QT en /
A 5 : i
L Y, " wh $TILL VERY SMALL
92 T ! MARGINS NEAY TIP
i d LOAD [« OF TITANI UM
| Yoy = VIEAT 4RI LBAN. arsan. W}
L COMPARE WMITH L
| Vs * O20AT XA LN n}
) . 0.8 p~ FOR FINST REDESIGH
. . e me o ' I TS
WOTE INCHREASED mUMBER UF 3TEF 12 3 & & [ 7 H H [P I S
STATIGH
ADHESIVE
SHEFR 010
STRAIN
L] STREMGTH OF AOHERERDS 2 ._\
]
STILL SIGNIFICANT
oS LOAD
Kisi/IN. &8 ynem
> 3 20
i -
. I W WY S I S L s 4 'e L . - 4 o .
O T R S S AR e I IR TR I 123 4 8 6 7 8 8 10 11 12idNe
STATION STATION
SCALE [0 1.0
(INCHES) § 1 2

FIGURE 9, IMPROVEMENTS DUE TO SECOND REDESIGN OF STEPPED-LAP BONDED JOINT

23

a
El
4
4

i e

13 e it ¢

R ¥

LY H SRR TLIE NS

e

PPN SROPRTIRNS S5 XA

Lﬁth-uﬁ.mﬂm‘&. S e




ot

o T

L

W" _‘7 TR R YIS T T AT x ST T e ey emeees R et e AR RS S s
1
|

also that, for this relatively thick stepped-lap bonded joint, the bhond
strength is still substantially less than ine lesser adherend strength of
66300 l1ps/in. and that still further refinements will be progressively less
effective in increasing the bond strength. Thece examples suffice to demon-
strate the design refinement techniques. The design iterations are much more
straightforward for thinner adherends, which are subjected to lighter 1locads,
For a real design, one would need to analyze the joint throughout the entire
operational environment, and 1iterate the design for the most severe
condition, A comparison of Figures 6 (and 7), 8, and 9 shows that the
critical location in every instance is the thin end of the titanium, So it
is here that further design refinements would be applied. These would take
the form of a greater number of shorter steps, to keep the rate of load build
up below that for the strength build up. However, a word of caution is
necessary, The critical step in Figure 9 is already only 1/4 inch long, and
step increments are limited by the finite thickness of the composite
material, be it tape or cloth. It would be easy to continue this design
recision demanded of the manufac-
turing technigues would be beyond any reasonable tolerances. Rather than use
the program ASEI tc such questionable ends, it would make more sense to do
only one more design iteration, by thickening the end step to 0.040 inch to
increase its strength, and the next step likewise to 0.080 inch and then to
use the computer program to assess the strength josses to be expected due to
reasonable manufacturing tolerances in chem-milling the titanium and laying
up the fibrous composite. The results of such a final analysis, with all
other variacles as in Figure 9, were an elastic strength of 21032 1bs/inch,
and an ultimete strength of 39957 1bs/inch, with the adhesive critical at the
far end cof tne joint. These are, in fact, significant strength decreases
with respect to the configuraticon analyzed in Fiqure 9, confirming that it is
geing to be difficult to improve upon that design.

One very important characteristiz of the dasiagn of stepped-lap joints which
is not appiarent in Figures 5 through ¢ is that experience has shown that the
best such joints have (O fisers adjacent to the adhesive, rather than a
900 or 450 ply. The reason is that the transverse fibers tend to roll
under the shear transfer loads and the resin splits between the fibers, This
imposes a severe constraint on the options available to the designer in
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E‘ , regard to optimizing the joint details, particularly if the fiber pattern has
4 been set by conditions outside the bonded joint area. It should be apparent
that the joint area should be considered more in setting the fiber puttern.
The fiher pattern must not deviate much- from a wuniformly dispersed
quasi-isotropic pattern if the laminate is to be free from the wzak cleavage
pianes associated with Jlaminates din which paral]g] fihers_ﬁare bunched
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together rather than interspersed.

2

Effect Of .2sidual Thermal Stresses From Bonding Dissimilar Adherends

When advanced fibrous composites are bonded to metal adherends at an elevated

; temperature to cure the adhesive and give it resistance to environmental
{ attack, the metal tends t¢ shrink during the cool-down, That induces
residual stresses and strains in the adhkesive for all but joints so short
(half an inch or so) that they are alleviated by adhesive c¢reep. The
shrinkage also intrnduces tensile stresses in the metal and compression in
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the composite. These effects are shown in Figure 10 for the basic stepped-
lap bonded joint shown in Figure b, Figures 11 and 12 show what happens when
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tensile and compressive shear loads are superimposed on the residual stresses
shown in Figure 10, It is significant that the tensile shear stresses
combine with the tensile residual stresses at station 8, on the right hand
side of the joint while station 1, on the left, is critical for compressive
loading. It 1is very clear that it is necessary to analyze for both the
tensile and compressive shear loads separately, because the strengths are
different, the critical locations are different and even the critical modes
are different. The end step on the titanium joint is not at all critical
under compressive loading, for example, While the residual thermal stresses
tend to detract from the overall joint strengths, it is self-evident that
they are helpful in regard to ensuring that there is some very lightly loaded
adhesive to help resist the accumulation of adhesive creep.

2.5 EXPERIMENTAL EVIDENCE

The importance of having available a computer program 1like AA4EI, or the
earlier A4EG and A4EH codes, can be gaged from the premature failures which
occurred at metal-to-composite stepped-lap bonded joints 1in several R&D
programs over the years at various establishments. Some of these problems
are discussed here, to explain them and to encourage their avoidance in the
future. Since their history is irrelevant to the present discussion, no
identification or credits are given here, Nevertheless, it should be noted
that these are real problems and have occurred far tous frequently,

Figure 13 shows what happens when the end step on the metal is made too long
and too thin. It breaks off! Usually the metal yields under static loading,
permitting a secondary failure elsewhere with no indication of this cause of
lToad redistribution, The great bulk of evidence that the long thin end step
is a problem has occurred in fatigue testing. Quite apart from the
mechanical load transferred through the bond, there is also the tensile
residual thermal stress, as shown in Figur. 10, and the stress concentration
due to the steps, which are more frequently chem-milled rather than machined.
The test specimen shown in Figure 13 had a thickness of 0.030 inch on the end
tab and a length of over an inch, The author's experience suggests that a
length of only a quarter of an inch would have been more appropriate for a
tab of that thickness, particularly if it were in double shear. The A4El
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program permits a systematic parametric study of such joints to be made for a
small fraction of the cost of even one such test specimen. This can greatly

reduce the need for test specimens and maximize the usefulness of those

actually tested.

END METAL TAB STILL GLUED ON,
BROKEN OFF METAL ADHEREND

FIBROUS COMPOSITE

I

\ \— FAILURE
DELAMINATION FAILURE,

COMPOSITE STILL BONDED TO METAL

FIGURE 13, FAILURE OF STEPPED-LAP ADHESIVE-BONDED JOINT

Further experimental evidence on the use of the A4EG program to design
stepped-lap titanium to graphite-epoxy bonded joints is given in Reference
6. This was a much easier task than similar work on the F-15 tail and F-18
wing and tail because, for the A-4 graphite-epoxy stabilizer program it was
possible to use a highly ductile adhesive, Eponm 951, and the titanium was
enly 0.25 inch thick. During several tests, at progressively more com-
plexity, the failures were consistently in the fibrous compositie outside the
joint area. Tests on that same program, described in Refarences 1 and 7,
highlighted the potential problems that can occur due to wrinkles in the
fibers at the tip of an embedded titanium plate. That is why the joint shown
in Figure 5 includes a tapered fiberglass-epoxy wedge beyond the end step,
co-cured with the basic graphite-epoxy laminate to eliminate both the
wrinkling and the abrupt termination of such fibers if they had simply been
butted up against the end step. '

Quite apart from reducing the structural efficiency by carrying around excess
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material, such abrupt termination of the fibers just beyond the tip of the
titanium splice plate can actually weaken the strength to below that which
would be attained had those plies been replaced by low-modulus filler
material to prevent them from picking up load. This is explained in Figure
14, which is a simplification of a somewhat more complicated condition in
which the delamination was actually initiated by the combination of shear and
peel stresses. The example on which Figure 14 is based had a tip thickness
in excess of 0,1 inch, with ove., 50 percent of the central plies terminated
there being longitudinal., The consequent stress concentration was far worse
than normal design practice permits, The number of plies which can be
simultaneously terminated safely in a graphite-epoxy laminate, without fear
of inducing delaminations, is closer to four rather than more than twenty,
whether there is a joint in that vicinity or not. Likewise, it is important
to thoroughly intersperse the cross plies rather than lumping them together,
because of the substantial residual tensile stresses in the resin, which has
typically two to three times the coefficient of thermal expansion of aluminum
alloys. Just because a laminate is not warped, it does not mean that it is
not pre-stressed.  Any warpage s actually due to reiief of such internal
stresses which would otherwise be worse,

“7L“\§\“‘

TEST AREA

FRACTURE

DELAMINATION

ADHESIVE-BONDED SPLICE -
s METAL

INITIAL FAILURE AT “A” BECAUSE THICKNESS "B" IS EXCESSIVE AND
LOAD iN FIBERS ““C" CANNOT BE UNLOADED THROUGH RESIN MATRIX

FINAL FAILURE, AT “D", IS BY NET SECTION TENSION ON THE TOP FACE
AND SHEAROUT (NOT SHOWN) ON THE LOWER FACE

FIGURE 14, PREMATURE FAILURE OF STEPPED-LAP BONDED JOINT BY DELAMINATION
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While on this subject, it is appropriate to digress a little and explain that
a 90° ply within a laminate cured at the usual 350%F or 250%F does not
behave at all like a transvers: test on a 0% monolayer. In the latter
case, the resin is free to contract laterally (perpendicularly to the fibers)
rather than to develop internal stresses, while in the former case such
lateral contraction is resisted by adjacent fibers in the 00 or 450
directions. Thus the 900 layer within a typical laminate is prestressed
and usually also pre-cracked. If too many such plies are bunched together,
delaminations will occur, as discussed 1in Reference 8, even under

tension-tension fatigue loading.

" The purpose of mentioning some of the items above is to point out that if

certain good design principles are not followed in designing bonded stepped-
lap joints in fibrous composites, the analysis given here would become quite
inadequate and would need to be replaced by a far more complicated model
which checked not only for the adhesive and gross adherend behavior but also
checked each and every resin inierface withia the laminate for possible

failure there, instead.
2.6 LOAD REDISTRIBUTION DUE TO DISBONDS IN ADHESIVE IN STEPPED-LAP JOINTS

When titanium to fibrous composite stepped-lap joints are co-cured and bonded
with an adhesive film, as is done on the F-18 and F-15 by McDonnell and was
done on the A-4 R&D horizontal tail by Douglas, it is virtually impossible to
manufacture a bad joint unless there is something like a bag failure which
would ruin the laminate ‘as well as the joint., However, if one were to
precure all the details separately and then try to secondarily bond them, it
would be relatively easy to have major disbonds caused by poor fit of the
details, particularly if the joint is thick enough to warrant several steps.
Indeed, such has been found to be the case elsewhere. The variable adhesive
properties introduced into the AA4El program during the Primary Adhesively
Bonded Structure Technology (PABST) program, as described in Reference 2,
permit an assessment of the effects of such misfits in stepped-lap bonded
joints. Three such examples of this are discussed below, again using the
basic joint in Figure 5 as a reference.
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Figure 15 shows the conseauences of the twe end steps being disbounded at the
left end 6f tha joint, Figure 16 shows the load redistributiun due to the
middle three steps beind dishonded, and Figure 17 shows what happenrs when tne
end two steps on the right are dishonded, It is immediateiy obvious that the
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FIGURE 15. STRENGTH LOSS AND LOAD REDISTRIBUTION DUE TO DISBONDS
IN STEPPED-LAP JOINTS

load redistribution due to the disbonds is far more substantial than shown in
Figures 8 to 11 of Reference 2 for uniformly thick bonded adherends. The
reason for this much gJreater sensitivity of the larger more complex joint to
hond flaws is that there are no large areas so Tightly loaded that the flaw
could be missed or to which the load transfer could be moved. Figure 16 is
particularly significait in the sense that the load redistribution asound the
central flaw is so intenze that the critical adhesive conditions are no
longer located at the ends of the overiap, but at the edge of the flaw,

Figures 15 to 17 have been prepared from the thermal-stress-free solutions
and the predicted strengths are well down from the 34067 1hs/inch in Figure 6
for nominally perfect bonds in the same specimen. Table I enumerates some of
the predictions when thermal stress terms are included. The strength losses
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TABLE 1. STRENGTH OF VARIOUS FLAWED BONDED STEPPED-L > JOINTS

BASELINE SPECIMEN, LEFY END TWO STEPS | MIDDLE THREE STEPS RIGHT END TWO STEPS
AS IN FIGURE 5, DISBONDED, AS IN CISBONDED, AS IN DISBONDED, AS IN
NO BOND FLAWS FIGURE 16 FIGURE 16 FIGURE 17
THERMAL SYRESSES ASSOCIATED WITH AT = —~3000F
ULTIMATE STRENGTH SOLUTIONS GIVEN

TENSION
STASENGTH = 21,658 LB/IN. 21814 15,911 8430
MAXIMUM ADHESIVE

SMEAR STRAIN = 0.106 0.110AT 8 0200 AT 6 0.200 AT 6

AT STATION 8
ADHEREND 1 CRITICAL 1AT7 ADHERENDS ADHERENDS

AT STATION 7 NOT CRITICAL NOT CRITICAL
COMPRESSION
STRENGTH = — 35,884 LB/IN. —8699 -16,710 ~17.974
MAXIMUM ADHESIVE

SHEAR STRAIN ~ —0.193 -020AT3 ~0.2AT 3 ~02ATE

ATSTATION 1 ADHERENDS NOT ADHERENDS ADHERENDS

2 CRIT
A%ES‘TE:',D“S,N 2 IcaL CRITICAL NOT CRITICAL NOT CRITICAL
are even more substantial, Further analyces, reported in Sscticn 4 of this

report, have been made to predict how much of that strength loss could be
recovered by bolting through the disbonded areas. Those solutions involve
the use of the combined bonded-bolted joint analysis program A4EK.

Figures 15 to 17 fail to show one other important effect of disbonds in
stepped-lap bonded joints only because the adherends are so thick and strong
that the adhosive is the weak 1ink. This other important effect is that, if
the end steps are disbonded, the entire lpad is now carried in a reduced
section of the adherends, just as if they had heen notched or cut down out-
side a sound joint, This effect is shown in Figures 18 and 19 which is not
for the same joint as used in Fiqures 15 to 17, but for a thinner joint with
a more ductile adhesive, This effect could not be demonstrated for the thick
joint in Figure 5, This situation of a disbond weakening the adherends more
than the adhesive would be prevalent for well-designed joints between thinner
adherends, in which the adhesive had a considerable margin with which to
tolerate some reasonable level of disbonding.
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2.7 CHECKS OR THE ACCURACY OF THE SOLUTIONS

The logic within the computer program A4El is now so complex, in comparisen
with ihe ogriginal A4EG version, that it is now difficult to devise sample
sclutions to exercise all options within the coding to verify its accuracy.
The last bugs were not found until after over fifty complex joints had been
analyzed with several different conditions for each, However, there are some
techniques which have been developed which can be useful 1in maintaining the
program.

The most obvious ones are mathematically trivial, but very important. The
thermal-stress-free case of uniform adherends in a double-lap joint should
give a precisely symmetric solution. Likewise, precisely anti-symmetric
solutions can be devised with residual thermal stress probiems, Also, a
problem run with a tensile load and negative AT, for example, can be compared
with what should be a precisely opposite answer for a compressive load and
the positive AT, Such checks cannot verify that all parts of the program are
operational, hut they are an easy way of exposing a problem due to misreading
a card, or to cards out of sequence, which could not be detected from a very
complex solution because there is no basis for questioning it, unless it is
grossly wrong.,

2,8 CONCLUSIONS

The ability to analyze adhesive-bonded joints and account for variations in
the adhesive, either in properties or geometrically, is a valuable asset.
This is particularly true in regard to the load redistribution around flaws.

The computer program A4El is particularly useful in optimizing the propor-
tions of stepped-lap bonded Jjoints, as between titanium edge members and
graphite-epoxy laminates. Both analysis and test over many years have shown
that the strength of such joints can be jarticularly sensitive to poor
detailing of the end step of the titanium, in particular, as well as to any
gross mismatch in adherend stiffnesses.
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Since this is a continuum mechanics analysis, rather than one based on finite
elements, the computer run times are extremely short, However, the actuel
run time dapends on just where in a2 joint it becomes critical. Run times are
typically five times as long if the joint is critical at the far end rather
than at the near end where the analysis began.

The sample solutions described here show that the computer program A4El will
be a wuseful tool in analyzing adhesive-bonded stepped-lap joints and
doublers, particularly because of its nonlinear capabilities, without which
failure prediction is virtually impossibie.
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SECTION 3

NONLINEAR ANALYSIS OF MULTIROW BOLTED JOINTS
IN FIBROUS COMPOSITE AND METAL STRUCTURES

3.1 INTRODUCTION

The analysis of the load sharing in multirow mechanically fastened joints in
aerospace structure has, in the past, been limited to linear elastic solu-
tions and empirical techniques., These have sufficed for typical ductile
metals which are very forgiving and tend to deform without catastrophic
failure and redistribute the load according to plastic, rather than elastic,
behavior. Some of these existing analyses have been used very effectively to
obtain great insight fnto the behavior of muitirow bolted joints, even though
precise failure predictions are lacking. The manner in which the end
fasteners tend to pick up a disproportionate share of the lpad has long been
understood. And any sculpturing to redistribute the 1load transfer more
evenly will be just as effective at some indeterminate failure load as it is
at some lesser specified load for which analyses have been run. These
existing toois have contributed muck to the art of designing mechanical
splices and this is quite evident from a new analysis here of an efficient
splice which had been designed a decade ago according to established
techniques.

However, the advent of the greater use of advanced fibrous composite mater-
ijals has necessitated the development of improved analysis methods for
mechanically fastened splices. One reason for this is that fibrous com-
posites are s0 brittle that a wmore precise load-sharing analysis is needed
because there is no material yielding to mask approximations or even
inaccuracies in the predictions, The analysis for that aspect could be
Yinear, However, the same brittieness causes a need for a basic nonlinear
feature in the analysis. Since the clearances around fasteners are some-
times abhout the same as the maximum possible stretchina of fibers between the
fastener rows, it 15 obviously necessary to account for any initial
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clearances or preloads at the fasteners. Even if it should transpire that
hole clearances in bolted fihrous composite structures are eventually shown
to be unaccrptable for much primary structure, this new analysis might well
be the key to demonstrating such a conclusion. There is another need for
including nonlinear behavior in the analysis of mechanically fastened joints
in fibrous composites. This need is due to the non-catastrophic bearing
damage that occurs in the immediate vicinity of fastener holes whenever the
holes are not close encugh together to fail by tension through the hole.
Thus, even theugh fibrous composites are customarily regarded as linearly
elastic to failure, they still need a nontinear analysis for bolted or
riveted jointsg,

While the justification for dimproving the existing analysis capability is
greater for fibrous-composites than for ductile metals, it makes sense to
include in the analysis developed any extra features necessary to permit a
tetter znalysis of bolted metal structures aiso, A better characterization
of the load transter distribution at typical fatigue 1oads can then be
obtained. For this reason, the analysis developed here includes nonlinear
behavicor of the members bhaiween the fastener rows,

3.7 SYMROLS

d Fastener diameler, can vary along length
E Young's modulus
Stress levei in Ramberg-0Osgood model

Ko.7 K Stiffness of element of bolt load versus deflection
el "pl ‘ characteristic

k Station identification

3 Step length, or distance between adjacent stations
P Fastener load, varies along length

D1, P2 Running sheir loads, assumed constant along length
T;, T2 Internal loads in members, vary along length

T _ Temperature

AT : Temperature change (Toperaﬁing - Tassemb]y)

t;, t2 Thicknesses of members, can vary along length
Wy, W2 Widths of members, can vary along length
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Oy, Q2 Coefficients of thermal expansion

&, &1, &2 ~ Displacements of members

€ Strain in members

o} Stress in members

Subscripts

0, +, - - Sign convention for displacements

1, 2 Identification of each member

k Station number identification

e, P ' Elastic and plastic values, respectively
ult Ultimate value, at failure

fr Contribution due to friction load transfer

3.3 LOAD-DEFLECTION CHARACTERISTICS FOR A SINGLE FASTENER

The transfet of load through mechanical fasteners (bolts and rivets) within a
joint 1is characterized in terms of the relative displacement between the
members at each fastener station. Figure 20 depicts the simplest possible
mathematical model for such 1load transfer., The take-up of any initial
clearance is shown to be friction free but, in principle, it would be quite
straightforward to dinclude a constant (Coulomb) force throughout that
displacement increment. Any further load applied to the extremities of the
joint induces a shear load in that fastener as the relative motion is
resisted by the shear strength of the fastener, The initial load transfer is
linear, as shown, but there is also usually a significant nonlinear
contribution prior to failure, The straight-line non-linear behavior shown
in Figure 20 is the simplest such representation possible, No more complex
representations are necessary. In some instances it would be possible to
have an ambiguous {nonunigue) solution if a perfectly plastic (horizontal)
nonlinear mathematical model were used, so it is preferable to adopt a
positive slope, however small, in the model. 1In the case of a net- or
interference-fit fastener, of course, there 1is no {ditial clearance to
contend with whiie, for multirow Jjoints, it 1is possible that the “other"
fasteners may induce a positive or negative preload on the fastener under

consideration.
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load-deflaction gurve as in Fiaure 20 it is
necessary 9  ¢2tine also precisely -what is meant by the relative
dispiacemeni, hetwacn the members at each fastemer. This can be understood
by reference to Figure 23, or to its equivalent for double-shear fasteners.
The points A and C move apart under the load P, Those points are
sufficiently remste from the fastener,lat station B, that the displacements
at A and C can be considerad to be uniform across the section, The relative
motion between stations A and € can be considered as the sum of three
componsnts; the gross secticr stretohing {or Compression) in mamber 1 hetween
A and B, the ¢ross section stretching in mawber 2 batween B and ¢, and the
combination of the lccal distortions of {he mewbers in the vicinity of the
fastener and the shear deformaticn (and/or rotation} of the fastener itself.
By isotating out the first twe such components, one is left with what s
referred to as the fasizfmer Tlexibility. it te specific to & given fastener
in particular materiais, hut 1is independent of the location chosen for
stations A and C. Such characteristics are customarily Jdeduced by measuring
the relative motion between stations A and C and removing mathematically the
amounts that the members 1 ind 2 would hsve stretched ovar the increments AB
and BC, respectively, had there been no fastener at B. It is important to
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FIGURE 21. DEFORMATIGNS IN MECHANICALLY-FASTENED JOINT

include the local distortion of the members around the fastener holes within
the characterization of the fastener flexibility to simplify the analysis of

such joints for the load sharing between fasteners, as is explained in the
next section.

The 1load-deflection curve shown in Figure .20 applies for load in one
direction only. The more general case, in Figure ”2, includes also the
characteristics for load in the opposite direction. It is customary to
associate positive loads and deflections with tensile lap shear, as depicted
in Figure 21. The elastic behavior for both tensile and compressive behavior
is usually identical, s¢ the initial elastic lines have the same slope,
However, since the stress trajectories in each case are so different, as
shown in Figure 23, one must provide for different proportional limits and
nonlinear behaviors, The mathematical model shown in Figure 22 s
appropriate for the fastening of both fibrous composite and metal members,
with the use of suitable (different) coefficients to characterize the
toad-deflection curves,
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The mathematical description of the load transfer characteristic in Figure 22
is as follows:

P=0 - for 60*'§ § < 6o+’ (54)
P=K,(6-86) for § , S8 28 ., (55)
P=P,, for § =68 )., (56)
P=P, + Kpl+(6 - 841, for 8, £658 ., (57)
P= Pu_l*;+ 4 for § = 6pl+’ (58)
P=-K_ (5 -8 for 8, S8<4 (59)
P=- Pel (~ve) for § = Gel-’ (60)
P=Py =K, (8, -8 for 8, $856, s (61)
P= Pult- (~ve) for § = (Spl—' (62)

The negative relations are needed both for compressive external loads and to
cover the possibility of internal (self-equilibrating) loads induced by
thermal mismatch between dissimilar members fastened together at one
temperature and operated at a different temperature, They are also needed in

the iterative analysis, described below, to cover those intermediate analyses
prior to convergence,

Load transfer due to friction associated with tightly clamped assemblies can
easily be accommodated in such a model. However, particulariy in the case of
fibrous composites with a resin matrix, the reliance upon frictional load
transter in long-l1ife aerospace structure is questionable. The resin would
creep to relieve the preload. Also, in the many structures which have
countersunk fasteners to achieve a flush exterior, there is often not much
clamp-up possible even in the short term. Leaving aside the questions of
estimating the magnitude of any frictional load transfer, the modifications
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to Equations (54) to (62) would be

= = < <
P = Pfr constant for 0 £ 8§ £ 60+ (63)

in place of Equation (54), and

P=P. +K,(6-6) for §_ <658 (64)

el+

instead of FEquation (55). Likewise, Equation -{63) would be complemented by

= <8<
P=-P. for § _$820 (65)

and Equation (59) would become
= - - - < < 6
P P, - K, (8 8) for §,, S6s6 . (66)

el’ o- o2

The other equations would remain unchanged.

The preceding discussion concerns the load-transfer characteristics of either
a8 single~fastener joint or of one fastener isolated out of a multirow joint.
The next section of this paper addresses the subject of calcuiating just how
the load is shared between multiple fasteners when there are redundant load
paths. After that, it is necessary tc consider the failure criteria, station
by station, to identify just where any railure would occur, and at what load.

3.4 LOAD SHARING BETWEEN MULTIROW FASTENERS

A variety of analysis techniques is available for ithe solution of the problem

of load shariny between muitirow fasteners, Most are rendered unsuitable for

this task hecause of a restriction to linear behavior. The method adopted

here is chosen because it is compatible with the equivalent nonlinear

adhesive-bonded analysis, Reference 1, with which it is later integrated, in
- Section 4 of this report,

The known boundary conditions are at both ends of the joint, while the
unknown conditions are likewise not confined to one end. Therefore, in
solving the problem iteratively, it is appropriate to start at one end of the
joint (preferably that which is more critically loaded to improve accuracy)
and to assume a vaiue for scme unknown there. The assumption may be of the
total joint strength or the displacement at the first fastener (or the edge
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of the joint) induced by & specified load, By then calculating progressively
along the joint, satisfying both equilibrium and compatibility requirements,
one can interpret the consequent predictions at the other end of the joint.
The initial assumption can then be modified as necessary until all boundary
conditions are satisfied at both ends of the joint. The develooment of this
iterative technique is explained in References 1 and 2. Actually, unless the
initial assumption is very close, or has been refined by prior iterations,
the progressive calculations will diverge and the apporopriate change to the
previous estimate is recognized in terms of the nature of the divergence,

The establishment of the typical equations for each step of the joint is
explained in Figure 24. The conditions of equilibrium are that, for member 1
between stations k and k+1

T =T - + L 6
k+1) ) P(k) Pr%x) (67)
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in which T; is the member internal load, being positive for tensile loads, P
is the shear load transfer by that fastener and is positive for tensile lap
shear, as shown. The remaining term p;% is usually absent from test coupons
but represents the running shear Toad that may be present in such real
structures as the splice at the root ¢f a wing under hending loads., The sign
convention for p;, and p, likewise, is that each lcad is taken to be positive
when it acts in the same direction as a tensile load in the member outside
the joint area. Similarly, for the same element of member 2,

T2 (k1) = T2(k) * Py - P2k (68)
Figure 24 illustrates a single-shear application., In a double-shear joint,
the two portions which would make up members 1 or 2 wouid be combined and the
fastener load transfer P would be changed from single to double shear
values. The form of Equations (67) and (68) would not be altered,
Similarly, in what follows, the subscripts 1 and 2 refer to any appropriate
summation of properties as well as of loads.

To ensure that the analysis complies with compatibility requirements, one
must use the mechanic.l (and possibly thermal) properties of the members.
Because of uniqueness requirements, it is mathematically not permissible at
all to use any ideal elastic-plastic material characterization, even though
that could sometimes be done for the fasteners, in terms of Figure 20.
Effectively, what is required is the stiffness of each member between each
adjacent pair of fastener stations, making due allowance for variations in
width (as with Tollipopping to reduce the load pickec up by an end fastener)
as well as in thickness. Figure 25 shows typical sculptured skin splices for
the fuselages of pressurized transport aircraft. Because such skins are
relatively thin, it is more effective to rout the edges of uniformly thick
splices and doublers to improve the fatigue strength than tn taper the
thicknesses of such meabers. It is also much safer, in the sense that the
cyclic variation in dioint geometry along the splice permits ary cracks vhich
might be initiated ..om the hples to grow slowly into visible areas. That,
in turn, permits more orompt repairs. Thicker members, such as wing skins,
are customarily spiiced by tapered members, as shown in Figure 26. The
analysis developed here has the capacity to account for both of theso
techniques, It is appropriate to also include in the analysis provision for
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1 thermally induced strains and some provision for the running shear load
discussed above. :
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For fibrous composite materials, a linearly-elastic gross material behavior
will suffice but, for ductile materials 1like aluminum alloys, one must
include some nonlinear behavior to permit 1loading beyond the material
proportional 1limit. The stiffness of each segment of the joint can be
calculated to any level of accuracy desired but any improvement in accuracy
beyond what can be achieved by the well publicised Ramberg-0Osgood modal
(Reference 9) or even a two-straight-line (bilinear) model is likely to very
small and not worth the added complexity. The ronlinearity of purely 450
fibrous composites can be represented by the Ramberg-0sqood model, Other
fiber patterns, containing some 00 fibers aligned with the load direction,
can be treated as linearly elastic to failure. -

The extension of the members between stations k and k+1 is given by

61(k+l) - 51(k) =‘01AT2(k) + .812(,&) 7 (69)
and
62(1(1"1) - 62(1() = GZATZ(k) + eiz(k) (70)

since, for uniformly stepped members, the strain can be considered to be
uniform between stations, except for the 1local deformation around the
fasteners, which is accounted for in Equations (54) to (62). In Equations
(69) and (70) the thermally-induced strains derive from any temperature
differential

AT = T -
ot ‘Loperating Tassembly (1)

and the mechanically induced strains ¢; and ¢, are deduced on the basis of
the member loads and the material behavior, as depicted in Figure 27,

Any running load is considered to be applied uniformly along the length of
the joint and, in calculating the strains in Equations (69), the stretching
1s taken to be that which would be associated with the average member load in
each segment, Since the fastener loads are treated as step discontinuities
at each station, it follows from Equations (67) and (68) that the average
loads causing the stretching of each member between stations k and k+1 are

Tl(k) = T](k) - P(k’.) + p12(k)/2 (72)
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and

Tz(k) = Tz(k) + P(k) - pzl(k)/E ‘ -7. N ' (73)

The corresponding stresses are

O1(x) = Trge) / [¥ax)trqy)] | | T
and
O2y) = Tz(k) / [vz(k)ti(k)]' | | (75)

For linearly elastic materials, such as fibrous composites, the equivalent
strains would be ' : : o :

i) T 9k / B | : T (76)
€2(x) = 92(x) / Fa(yy- ' (77)
)
ARCTAN (C.7E)

STRESS, 0

STRAIN, £

FIGURE 27. RAMBERG-0SGOOD NONLINEAR CHARACTERIZATION OF STRESS-STRAIN BEHAVIOR
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In terms of the Ramberg-Osgood material characterization for ductile
materials,

g, o." a. a. \ n-1
€i=—_1_+——n-_}_n_—1—_=_l 1+ LS | N (i=l,2) (78)
E; (E Fo.7 )i Ei Fo.7

Care must be exercised in using the formulations in Equations (78) because
some of the published mathematical models do not agree precisely with the
material properties given in MIL-HDBK-5, The discrepancies are usually small
but it is necessary to input into the solution strength and strain failure
properties at each station which are precisely consistent with Equation (78).

Having determined the member strains, per Equations (76) to (78) as
appropriate, the relative displacement between the members, at the rext

station, follows for Equations (69) and (70) as
= - 79
Sr1) = S2(41) T S (1) (79)

as shown in Figure 24. This, in turn, permits a new increment of fastener
1oad transfer to be evaluated on the basic of Equations (54) to (62).

Actually, for the example shown in Figure 24, there would be no transfer of
load at station (k+1). Therefore, between stations (k+1) and (k+2),
Equations (67) and (68) would be modified to read

Tiige) = Triger) * Prhy) ‘ (80)
and
Tz(k+2) = Tz(k+1) - pzﬁ(k)- (81)

However, Equations (69) through (79) would be applied in precisely the same
manner for the next increment of the joint.

In analyzing such a multirow joint, one can specify the load(s) in members 1
and 2 at the start (left end)>of the joint and seek such a value of the first
fastener load that the bhoundary conditions are satisfied at the far (right)
end of the joint., Alternatively, in seeking the elastic and ultimate joint
strengths, one can specify the dispiacement differential between the members




at the first row of fasteners and iterate on the assumed applied load until
satisfaction of the boundary conditions at the other end of the joint
indicates the convergence has been attained,

The application of the methods described above, for tensile 1oading, to
situations in which the applied loads are compressive is straightforward,
requiring only some sign charges and modifications to the Ramberg-Osgood
relations {78). The same method can be adapted also to in-plane shear
loading, just as was done in Reference 2 for bonded stepped-lap joints, by
replacing the various Young's moduli E by the shear moduli ¢ = E/2(1+v).
While the analysis can thus be made to compute the 1load sharing for a
specitfied applied load, the lack of suitable test data make it difficuit to
predict the failure strength for in-plane shear loading.

3.5 FAILURE CRITERIA AT FASTENER HOLES

Having computed the bearing loads and bypass loads at each station throughout
the joint, it is still necessary to assess whether or not that combination is
capable of causing the joint to fail, In the case of conventional ductile
metal members, this customarily is a simple problem since only minimal
interaction is considered between the two 1load ccmponents. With fibrous
composites, however, that 1is not so. The use of a linear or kinked
interaction for composites 1is expiained in References 10 and 11, and
iilustrated in Figure 29 for tencile loading. The linear interaction for
narrow strips is the consequence of a tensile (through-the-hole) failure
regardiess of the ratio of bearing to bypass Toad. The use of wider strips,
or greater bolt spacing, is seen to permit distinct bearing and tension
failure modes, so0 a two-straight-line interaction is necessary. The question
of just what constitutes the optimum width-to-diameter ratio, in the sense of
maximizing the joint strength, is discussed fully in Reference 11. In most
cases it is found that having the bolts just a littie too close together to
permit bearing failures maximizes the strength, However, sometimes a weaker
joint is preferred, on the basis that bearing failures are more forgiving.
That aspect of joint design in composites is beyond the scope of this paper.
For the present it suffices to say that any analysis of multirow structural
joints in fibrous composities should cover both possibilities.
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FIGURE 28. BEARING/BYPASS LOAD INTERACTION FOR LOADED BOLTS
IN ADVANCED COMPOSITES

Figure 28 has been prepared for the wost usual test case, tensile loading.

P However, the general case must include compression asrweH, as in Figqure 29.
" NO INTERACTION
(MATHEMATICAL, RATHER THAN BEARING LOAD
PHYSICAL, OUTER ENVELOPE)— Iy
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NOTE: ONLY TWO BASIC CONDITIONS POSSIBLE. OTHERS ARE MIRROR iMAGES OF THESE TWO.

FIGURE 29. EXTREMES OF BEARING-BYPASS LOAD INTERACTIONS
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1t is important to note that, as shown in the bottom of Figure 29, alil
possible seemingly different combinations of bearing and bypass load can in
fact be reduced to one of only two cases, by identifying as the bypass load
the numerically smaller load on one side of each fastener station. For
fibrous composite materials, these bearing-bypass interactions are strongly
dependent upon the fiber pattern as well as the material constituents and, in
the case of tension-bearing interactions, are dependent on the geometry as
well. It is evident, however, that each of the interactions can be defined
by three points with straight 1ine interpolation, as shown in Figure 30.

BEARING BEARING
,}uuo ﬁuuo
F'___lb NOTE HOW TENSILE
,,IL”;’-B AND COMPRESSIVE D¥
F | c BEARING STRENGTHS
LOOSE FIT—} | MAY DIFFER BC
I
NETOR !
INIERTERENGE i .
FiT 0
—\ I
| ,
I
A
|
~ E] |E’ () A E o A
BYPASS LOAD BYPASS LOAD

FIGURE 30, IDENTIFICATION CODE FOR BEARING-BYPASS LOAD INTERACTIONS

The physical explanation of the various line segments in Figure 30 is as
follows. Along AC, the criterion is that the total load (bearing pius
bypass) is sufficient to fail the net section while, along BC, there would be
a local bearing failure, which would transfer load to other fasteners. The

line EF represents a gross-section compressive failure through the filled
fastener hole while, along E'F', the ftnability to transmit direct bearing
through a loose fastener reduces the compressive load capacity hacause of the
reduced effective section. Along FD, the combination of bearing and bypass
stress is sufficient to induce a bearing failure, The heights of the points
B and D above the origin 0 are strongly dependent on whether the load is




transferred through simple shear pin, a countersunk fastener, or protruding
head fasteners with washer. Likewise, one difference hetween single- and
double-shear attachments would be apparent in the different locations of
points B and N. The generation of curves such as in Figure 30 for fibrous
composites reiies on either testing or empirical interpretation of prior test
data.

The rectangular outer envelopes in Figure 29 are only mathematical
curiosities which, nevertheless, must be included in the computer coding to
be able to recognize improperly input data. Since the tensile bypass load
shown is the difference between the total net section load and the bearing
load there must be some interaction for even the most ductile materials.,
This is explained in Figure 31. The physical Timits on the envelopes shown
in Figure 31 are that the net section strength is constant for tensile load
and is not reduced by any applied bearing load while, for compression, the
total bearing allowable is constant and is the sum of the applied bearing and
bypass (or carry-through) stresses, The computer program is coded to detect

CONSYANT TOTAL
BEARIAG STRESS

‘I‘ — 'bvpln - Pblp

T CONSTANT TOTAL LOAD
FAILURE ENVELOPE
'bu- '.N&
L J 0
"‘ Pyyoass ——_|
TENSION
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r :.:-.
'b = Fh dt
s e L RS
dt ~—

Poyprss = Fe e (filed hate)

Ny
= F{w-dit (spon hele Ny Y R—
\

'iym
g~ NOTE: ENVELOPE SHOWN IS FOR ~ P
v ’ OUCTILE METAL ALLOYS ~

FIGURE 31. OQUTER ENVELOPE OF BEARING-BYPASS LOAD INTERACTIONS
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any violation of this situation, If possible, incorrect input data is
modified and noted, If not, the solution is aborted.

Ohviously, the likelihood of a failure at some intermediate station between
fasteners is remote because cf the lack of any bearing stress there, but the
computer coding should cover that possibility for such a case as improperly
proportioned sculpturing to soften the load on the end fastener, along the
lines of Fiqure 25, Since the joint strength varies from station to station,
the failure criteria must be determined for each location. For fibrous
composites, the methods described in References 10 and 11 can be used, The
standard methods for evaluating the equivalent properties for ductile metals
are described in References 12 and 13. It should be noted that it is
customary to express the failure criteria differently - gross section strains
for fibrous composites and net section stresses for ductile metals,

3.6 EXPERIMENTAL DETERMINATION OF INPUT DATA FOR COMPUTER ANALYSIS

The analysis above has been coded as the Fortran IV digital computer program
A4EJ which is described in Volume II of this report where complete user
instructions are provided. In comparison with the earlier program A4El for
stepped-lap bonded joints and doublers, there is a considerable increase in
the amount of data needed to define the problem for bolted joints.
Unfortunately much of the data must be generated on the basis of tests that
are specific to individual fasteners in particular members and must be
repeated for different thicknesses, diameters, fiber patterns, and sc on,
Further, many of the past tests on this subject, as in References 10 and 11,
were conducted with Tess ambitious recording of the data because the needs
established here had yet t> be identified. It is hoped that, now that the
analysis has been developed, it will be possible to plan a new test program
for bolted and riveted joints in fibrous composite structures,

Despite this seemingly unpromising situation for the present, there is a
considerable body of experimental and empirical data available for the
mechanical attachment of metal structures, Reference 14 contains an
empirical formula for the load-deflection chara teristics of dindividual
fasteners, '
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where E is Young's modulus of the members being joined, d& is the fastener

. \
diameter, and t, and t, are the member thicknesses.

Estabiished values of the coefficients A and B are

5.0 , B
5.0/3 , B

0.8 for sluminum rivets (83)
0.86 for steei fasteners (84)

and the the author of Reference 14 has recommended the use of
A=5.0/1.6 , B = 0.82 for titanium fasteners. (85)

Whenever members of different moduli are fastened together, it would seem to
be appropriate to use the Tower modulus as the primary value of E and to
adjust the tnickness of t; or t, to compensate tor the higher modulus. Until
tiiere is a significant data base established to endorse or refute the use of
Equation (82) for fibrous composites, it should be wused with caution. But,
in the absence of other verified information, there would seem to be little
alternative to the use of that or similar formulae.

Now, having established the slope of the linear portion of the Toad-
deflection characteristic 1in Figure 22, it remains to establish the
proportional 1imit and the nonlinear behavior. The end of the elastic curve
can be estimated as the yieid bearing strength of the weaker member at each

fastener station. This strength pe will obviously vary along the length of

1
a stepped joint as the member thicknesses progress froir the unbalanced ends
of the joint to the balanced middle. The ultimate strengths Pult can be

established the same way. However, the slopes Kil of the nonlinear portions
are not as well defined.

Obviously, there is mich testing remaining to be dore to make full use of

this analysis, but the considerably increased definition available in the
solutions demands a commensurate increase in the input data.
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3.7 SAMPLE SOLUTIONS

Three examples illustrate the capabilities of this new analysis program. One
concerns a design for fibrous composite structure while another is an

after-the-fact analysis of a thick metal splice and the third is a design
study in thin metal splices.

Graphite-Epoxy Wing Spar Cap Splice

Figure 32 summarizes the results of an analysis, by the A4EJ computer
proaram, of a design for a spar cap splice at the side of a fuselage for a
large transport aircraft which might be buiit from advanced composites.
Because of the high aspect ratio of the wing, the load intensity is much more
severe than on any existing application, with the possible exception of the
F-18 wing skin root fittings, which is presumably much more heavily loaded
than are any of the horizontal tails on the F-15, F-16, or F-18, The total

snlice length shown in Figure 32 15 20,25 i{nches and

[T E 3N * I -eaen ¥
s WILN L

bolts perpendicular to the thirteen shown in each row, it is quite a massive
joint,

3D EDGE DISTANCE HYS GRAPHITE-EPOXY FIBRUUS COMPOSITE

286 cm FIBER PATTERN: 375% 0%, 50% 1 45', 125% 90°

(1125 IN,)

STRIP WIDTH=3D, 286 cm (1.125 IN.)
| N W - O -
L1 i) ;
"—‘ 13 ROWS OF TIP THICKN
BASIC THICKNESS 095 am (3/8 IN.) 032 u:‘CK =
302 cm 18] cm DIAM. BOLTS (0125 IN)
(1188 IN.) (15N,
4D PITCH

PREDICTED FAILURE LOAD=2255 kN (50703 LB)
PREDICTED GROSS SECTION FAILURE STRAIN= 0.0039
PREDICTED NET SECTION FAILURE STRESS =2349.4 MPs (50.7 ksi)
PREDICTED FAILURE MODE: TENSION THROUAH FIRST FASTENER HOLE
PCAK BOLT LOAD (AT ENDS)=22.7 kN (8093 LB)

] :RATIO 15
MINIMUM BOLT LOAD (IN MIDDLE)= 148 kN (3317 LB)

FIGURE 32. BOLTED COMPOSITE JOINT
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One very significant result shown in Figure 32 is that the predicted gross
i section failure strain is 0,0039, roughly half way between the loaded hole
: strain level of 0,0035 and that for unloaded holes of 0.0042., One should
not, therefore, expect any significant improvement in strength to be possible
as the result of even the most thorough redesign. The other significant
finding is that, because the members cannot possible be tapered down to a
point, and the first fastener could not be located there anyway, the load
distribution is not uniform., The end bolts pick up 1.5 times as much load at
those in the middle., Actually, that ratio would have much higher still had
there been no tapering at all., The significant point to be recognized here
is that it 1is not possible to design a linearly tapered multi-row
mechanically fastened joint which approaches the uniformity in load transfer

of a bonded scarf joint.

010.4NCH RADIAL CLEARANCE
NET FIY
< H @7 | @ rd
& | | ® | |
G 1 (P31 6,900 57.960 Doy (P80 52,700 50.700
i [ 00038 .00 €grout 0.6038 0.8041
g , AL TR wamn Gyqgzitn a0 01448

‘l A. NET FIT FASTENERS C. LOOSE FIT FASTENERS

0014 RADIAL CLEARANCE
NET £IT

; } > ULTIMATE JOINTY STRENGTHS
! ©
® l B A 8070318
‘ 1
' [ 5. 5072508
[, ) C. 45358 13
Oy P80 58350 .1
€t D003 0.0048
NOTE: THISILLUSTRATION {5 AN ENLARGED
j _ Oyqzts - 2.8 ®n DETAIL AT THE END OF THE J0INT IN
i . 8. CLOSE FIT FASTENERS THE PAECEDING FICURE

FIGURE 33, INFLUENCE OF HOLE CLEARANCE ON STRENGTH OF BOLTED JOINTS3

Figure 33 records some perturbations on the basic solution in Figure 32 dua
to minute and gross clearances around the end fasterers, The 0.001 inch

radial clearance actually increases the strength because it softens the end
fasteners and decreases their bearing loads slightly. The gross clearance of
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0.010 inch around the end fasteners, on the, other hand, unioads them so much
that more of the basic load is carried through to the next fastener station,
where the thickness has been reduce¢ and the laminate strength also. It is
clear that, in tapered splices like this, it ts important that the outermost
fasteners in particular are not loose. Otherwise there will be a
oo disproportionate loss of strength. In metal structures, however, thers would
! H be enough yielding to redistribute the loads and increase strength prior to
failure.

Metal Wing Skin Splice

e il il

The splice shown in Figure 34 is one of many splices actually tested in the
development of the wing skin splice at the side uf the fuselage for a large
transport aircraft. The fasteners near the tip of the splice plates are of

- e e

! 0.38 e
1098 IN)

? TS ‘
{ — m S 0.8 N1
| 2840m . 448 em [ — 107.15 IN) r

o= ! (L7844 i L
i

- (1L.ow} 445 am Py + oo : .
. 079om ———
=l T .12 N (

1178 1N}
l l IrLCs I

. I e + e .06 o 7 | =
— s bl
i RN s S = o o T

T WIDTH PER ROW OF FASTENERS
213 =433em (1.E5IN.)
LE N

(180 18 | BOIND

¢ N

o o RESMLTS OF NONLINEAR ANALTYSIE AT APPLIED OROSS SECTION STRESS OF 273.8 MPa (40 KS))
FLETENER (W) 51.6 170 M2 308 544

£ LOADS 4R 11.60% 8.323 7.694 RO47 12,232

§ NOTE BALANCE BETWEEN END FASTENER LOADS, DUE TO THICKENING OF SPLICT STRAS

SXI¢ NET (3APg) 054 146 6 193.8% 2%.2 ™M19 276.1
i SECTION STRESIES (NS 12.37% 21.25¢ 25,000 37 14% 45,8675 40,041

jé
§
‘3
1
a
§
i
7

SMICE STRAP (MP2) 1793 160.6 2647 165.¢ 1516
NET SECTION (K82) 2€.027 24.992 23.985 246012
STRESSES  pga) BEARING STHESSES (N RIGHT EWD FASTENER: 3€0.0 MPe (32.2 HKEH N SN, msunmusnmwcs
o TEST FAILURE IV SKIN THROUGH IIGHT ENT FASTENER, WKERE . OTH KTT TEMGION AND
BLARING STRESSES ARE PREIXCTED YO B2 1IGHESY
»  AMALYSIE PREDICTED LLTIMATE FALURE AT GROBS SECTION SKIN STRESS OF 360.3 M7 (508 X8

STRGIRE RTINS SRCVURI R .. RPN

FTGURE 34, BOLTED METAL JOINT

lesser diameter than the others to equalize the load sharing. The success of
i this design, using older methods established at least ten years prior to this
analysie, can be gaged from the predicated net section failure stress of 50.8

[T R LI
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F’ i ksi, in conparison with the design target of 52 ksi. The seemingly
disproportionate thickness of the splice plates whe~e the skins butt together
\ is needed to try and equalize the load transfer at each end of the overlap.

The first and (ast bolts shown do transfer ciose tn the same ioad., Figure 34
} indicates some of the quite extensive internal definitions of the 1load
; : transfer and stress states within the joint that this analysis can provide.

T g T
Gy 1 e

Metal Fuselage Skin 3plice

e

Y. -

fasterer induces a hoop stress around the hole of the same order of magnitude
as the average bearing stress, the fatigue life of the lollipopped designs
should be much greater, as has often been shown by test. The skin is most
‘ : frequently critical through the first row of attachments. The reasons for
.i’ ! omitting every second fastener in that outermost row are that it increases ‘é

i the static stength of the joint, because of the reduced net area loss, and it
means that any cracks which may initiate have further to grow before they
could join up and rip the skin apart. These advantages outweigh the

E i The thick tapered spiice shown in Figure 34 is unsuitable for use in the much
fJ ; thinner fuselage structure, so it is more usual to employ scalloped or
E' ' loliipopped edges on splice plates and doublers there, as shown in ‘
?% Figure 25. This 1s true for bonding such structures also. Apart from the
P difficulty of handling thin tapered strips without damaging them, there is a
Ea further reason for preferring a wavy edge to the splices, The variation
;ﬁ aiong the edge makes eartier crack detecticn pessible, minimizing both the
;! : 1ikelihood of catastrophic failure and the size of repair needed. A skin
fi crack could grow far Tonger before detection if it were concealed under a
ii uniform tapered doubler rather than periodically exposed for visual
;i inspecticn by a routed sculptured edge.

%; Figure 35 presents a comparison between different fuselage skin splice
Ej designs, with a basic uniform splice with the same number of rivets for
%Y reference. Since it has heen shown in Reference 11 that the icad on a
:i

]
!
3 conrsequent increase of bearing stress on those end fasteners, with respect te
l having hau twice as many fasteners to share that load.
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3CIM. AD RIVETS

P
. -~ 9 o /’1: - o
[ -~

' /r-umn (‘ = 7~

076N PITCH

Lo nu J—
3 FULL ROWS OF RIVETS PER SIDE 2 FULL AND 2 HALF ROWS OF RIVETS PER SIDE
L RIVET LOAD LB m 2 224 RIVET LOADS (LB) 13 m b1
" geARING STAESS (KS)) 1] 1% L] SKIN BEARING STRESS 11 1; 2
SKIN 5T AESS (K31 [%] s 170 733 (s
SPLICE NEARING STREXS 12 1" % E2)
(L]
SKEN STRESS (HSH [ 1) 18 152 113
SPLICE STRESS (K21 107 2.0 58

INTERNAL LOADS FOR COMMON 1-7 LQAD OF 840 LB/IN.

NCTES
1. ULTIMATE STREMGTHS ARE 2028 LB/iN. FOR QAHC JOINT AND 3410 LOAN. FOR LOLLIPOSED SPLICE, CORRESPONDING WITH REMOTE SKIN STRESSES OF
45 AND 38 K5I, RESPECTIVELY.

2 EALM SPLICE HAS THE RAME NUMBER GF RIVETS.

3 FURTHER OTIRN2ATION OF REFINED SPLICE COULD ENHANCE FATIGUE LIFE BY REDUCING END FASTENER LOAD, BUT ULTIMATE STHENGTH WOULD NOT
-BE (MPROVED.

FIGURE 35. COMPARISON BETWEEN BASIC AND REFINED FUSELAGE SKIN SPLICES

The softening by scalloping which, is shown in Figure 35, is also applied to
slightly thicxer structure, where stringers are spliced, fo~ exampie., The
computer program A4EJ now makes it possible to perform parametric studies to
optimize the proportions of all such design details, It wmight even be
possible row to design by analysis rather than test, fcor the first failure to
occur in the splice plate, which is easier to replace than the skin.

In thin sheet-metal structure, it is common to have multiple splice elements
which do not all start at the same fastener location. There are therefore
two or more rows of fasteners which are subjected to peak loads. Once the
use of this program A4FJ has been mastered, it is possible to c¢btain a
reasonable representation of the internal loads in such splices, as shown in
Figure 25, by selectively lumping the skin and doubler together to cover one
end of the joint, while the coubler and snlice would be Tumped together to
characterize the other end. This takes two runs and obviously will not cope
with all such situations. There is a need, therefore, to try and modify the
existing coding to account for muitiple splice elements some day. The Timi¢
to such work is anticipated to be in the computer run times. For example, if
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it takes 100 iteration cycles to solve a problem with a single (or symmetric)
splice, it would take 10,000 cycles if there were two splice plates of
different widths. That must be weighed against the cost of inputting two
moda1s to approximate the problem with two runs on the present program. The
author believes that there is a case for a three-member splice analysis, but
not for any more than that, even though the recoding effort would be the
same, Eventually. designers must face up to standardized design concepts
within the capability of then current analyses for any future project or
incur the ever increasing expense in money and %time of specific detailed
finite-element analysis or physical testing, for gains that are often
imperceptihle with respect to simpler concepts if dore well,

Improvement Of Bolted Joint Designs To Enhance Fatigue Lives

None of the examples discussed above would qualify as a poorly designed
joint, so they provide no standards against which other joints can be
assessed, It is appropriate, therefore, to include a comparison between a
multirow bolted joint in which no design finesse at all was employed and one
in which a reasonable degree of expertise had been applied. This comparisen
is evident in the different designs and analyses shown in Figures 36 and 37.
These joints are idealized in the sense that there would have to be support
structure to reict the eccentricity in load path and that the bolt failure in
Figure 36 could easily be avoided hy a double-strap splice design with the
bolts in doubie shear, Nevertheless, there are several important conclusions
to be drawn from these examples.

While the uniformity of lecad transfer im Figure 37 is far superior to that
shown 1in Figure 36 (withing 4 percent for normal operating loads), the
irefficiency in Figure 36 is nowhere near as severe as similar analyses in
adhesively bonded structures would suggest. The forty percent inefficiency
shown would become much higher for thinner more extensible members and for
more rows of bolits, however, but would probably never approach the 10 to 1
ratio needed between the peak .and minimum adhesive shear stresses in durable
honded joints, '

The ultimate strengths of the two joints shown in Figures 36 and 37 differ by
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3/8-IN. BOLYS P 0 IN l | : WIDTH PER ROW
—e ] rve TH | OF FASTENERS
\ l I l ! = 10IN.
i
I | | N !
| 1 ] 10IN i I ——
| l
- 4 -
l‘;rj | I “J:’J/
: N
TOTAL LCAD (LB/ROW) INDIVIDUAL FASTENER LOADS RATIO Py /Prms
10.000 2,337 1828 1669 1828 2,337 1.40
20,000 4.675 3656 3338 3656 4,675 1.40
30.000 7.032 8472 4992 5472 7.632 1.4)
49,000 9,588 7162 6500 7162 9,588 1.48
43,042 (ULTIMATE) 10,490°| 7597 6867 7597 10,490 1,53

*SHEAR FAILURE (HIGHEST ASSOCIATED NET SECTION ALUMINUM STRESS = 68.9 KSI

NOTE: COMPATIBILITY OF DEFORMATIONS AGGRAVATES NONUNIFORM LOAD DISTRIBUTION AS
LOAD IS INCREASED, BECAUSE MEMBERS YIELD ONLY AT HIGHLY LOADED ENDS, NOT
EVERYWHERE.

FIGURE 36, BOLT LOAD DISTRIBUTION IN POORLY-DESIGNED MULTIROW BOLTED JOINT

i

|
(1]
ooy 11 99 L) L U I
-— H \Tve) | ) —-]—7 < 10N,
{ 1 | [ | i
025 m.T | \” | | : ) l no'm. —_—
=
0625 1. LJ,J _ u)
TOTAL LOAU (L 2/.0W) INDIVIDUAL FASTENER LOADS RATIO Py /Prus
mm.ooo T 1 030 | 109 1951 1995 | 2030 1.04
20000 | a060 | 3989 3902 | 2989 | 4060 1.04
30,000 6105 | 15973 s8aa 8973 6105 |’ 1.04
40,000 8257, , 7882 7722 | 7882 | ®287 1.07
46,387 (ULTIMAYE) 9709 | 9044 3831 | 9044 | 9709 1.09

ULYIMATE FAILURF IN NET SECTION OF ALUMINUM (AT AVERAGE STRESS OF 74.2 KSI) AT
OQUTEARBOsT ROW &~ OF BOLTS. NO BOLT FAILURES.

FIGURE 37. BOLT LOAD DISTRIBUTION IN IMPROVED DESIuN FOR MULTIROW BOLTED JOINT
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only 8 percent. While that represents u significant improvement, the
inevitable criticality of the net section at the outermost fasteners makes it
very difficult to make major improvements to the ultimate strength of joints
by techniques which yield substantial benefits in the fatigue resistance of
the joint. The fifteen percent reduction in bearing stress on the outermost
fasteners in Figure 37 could easily double the number of load cycles neeeded
to fail the joint in Figure 36.

Figure 37 represents only a single estimate of proportions to improve the
joint in Figure 36. Yet it came within 4 percent of a perfect load
transfer, This implies that the theoretical benefits of scarf joins (which
are in practice not fully obtainable because of the finite thickness at the
outermost bolts) can be approached very closely with relatively far less
effort, In other wurds, tre benefits from a (ittie bit of design ¥inesse are
sunstantial and should always be sougnt. Conversely, the residual benefits
to be gained from precise optimization are disproportionately semall in
comparison with the effort expended to improve on the first refinements.

In the example shown, it is obvious that reducing the diameter of the
outermost fasteners would not enhance the jeint strength because the bolt
strength would decrease faster than the stiffnezs. In a similar design for a
double-shear joint, howaver, the computer program AJEJ would provide a rapid
estimate of any henefits to be gained by such a modificatien,

It is most unlikely that a joint with such an atrupt load transter as shown
in Figure 36 would be designed today. However, that situation could arise in
service due to a fatigue crack grown through a continuous member like a wing
spar cap, for example. Thus, the new analysis can ba used also to
investigate the damage tolerance of bolted structures as well as the load
transfer in the virgin structure. .

3.8 CONCLUSIONS

The nonlinear behavior and increased internal definition of this new bolted

joint analysis represent considerable extensions beyond the prior state of
the art. ‘
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This increase 1in analysis capability in turn demands a more extensive
experimental data base for input. Some such information may be provided also

by other analysis programs for individual loaded fasteners in specific stress
fields.

Even without precise data, however, the program can be very effective for
parametric studies using only estimated input values.

Since this is a continuum mechanicc analysis, rather than one based on finite
elements, the computer run times are extremely short, The amount of input
needed is significantly qreater than for the earlier stepped-lap bonded joint
analysis proaram A4EI because of the increase in number of parameters needed
to define the behavior at cach station,

The sample solutions aascrided w2 shew that the computer program A4EJ is a
useful tool in arnalyzing multirow boltad joints, in both fibrous composite
and metal structures.




SECTION 4

NONLINEAR ANALYSIS OF BONDED/BOLTED JOINTS

4,1 INTRODUCTION

Separate nonlinear analyses for the load transfer in adhesive-bonded joints
and multirow holted joints are given in Sections 2 and 3 of this report.
When adhesive bonding is used in conjunction with mechanical fastening, one _
cannot sum the individua! joint strengths because the individual stiffnesses i
of each load path differ. So also do the strains to failure. The function
of the analysis method reported here is to be able to characterize the
combined load transfer, accounting for the compatibility of deformations.
Depending on one's point of view, one purpose of this irvestigation may be
regarded as exposing once and for all the futility of combining bolting and
bonding, to increase joint strength, by means of a nonlinear analysis so
thorough that there c¢an no longer be any doubts about the inefficiency of
such a combination. However, that would rot be & reasonable attitude to
adopt because, in a broader context, there is a very legitimate need to know
such things as the consequence of instaliing a fastener through a bonded
joint not to augment the shear transfer but to tie in to some other structure
or fitting., Also, of course, the introduction of load in test coupons
through a bolt via bonded-on reinforcing doublers is a widespread standard

nractice,

By far the bhiggest Jjustification for the development of such a combined
bonded/bolted joint analysis capability 1is to be found in imperfect
structures., Here there are many classes of problems in which the combination

of bonding and bolting ouffers unique advantages, and these provide the real 5 fe!f
payoff from this naw capability. The sample solutions presented in this ZLJ'"
report have heen selected specifically to explain such applications as well
as to illustrate the capahilities of the analysis program, The first group
of these applications is the repair of what was originally intended to be !
purely adhesively bonded structure but which has suffered from either flaws
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which occurred during manufacture or from damage in service., Such a
combination was even employed as a standard production fix for a
design/marufacturing problem on one modern aircraft. The second group of
these applications is the enhancement of the damage tolerance of thick bonded
structures, particularly those made from fibrous composites, The prior
understanding of fail-safety due to the combination of rivets and bonding has
heen far less than adequate, so the opportunity is taken here to present a
thorough discourse on this subject in the process of illustrating the
capabilities of the analysis program. Briefly, for light-loaded structure,
adhesive bonding provides a fail-safe load path to overcome the weakness
caused by tearing along a line of fasteners. For heavily-loaded structure,
on the other hand, mechanical fasteners can be very effective in preventing
widespread unzipping triggered by what was initially quite localized 1load
redistribution around a damaged or defective bond.

There is no discussion here of the derivation of the analysis methods used in
v

thn mae EADTDAN I\'l di'g-: 2

~ el
e Niew 3 uno nnay [

~ame AL
TLET  LUpY L

-
]

~ bn--....-- tb.-.c- hans -
< cLdulc nae 143 4

=3
R4
-3
<
e ]
3
EJ
E
>

been covered fully in Sections 2 and 3 of this report. The combined program
is capable of much but not all of what the separate programs A4EI and A4EJ
can do and the reader is referred to the user manual and listings of the
computer codes (Volume II of this report) for full details. The biggest
difference in analysis capability is that the absence of adhesive bonding
permitted the inclusion of nronlinear adherend behavior as well as nonlinear
load-deflection curves for the fasteners in the bolted joint program A4EJ,
while for the bonded/boited program A4EK, the adherend deformations must
remain linearly alastic to be ahle to compute the Yoad transfer through the
adhesive bond. Since prier work has shown that gross yielding of the
adherends triggers progressive fajlure of adhesive bonds, this is not
considered a significant limitation. The shorter length of the purely bonded
analysis program AAET has permitted the inclusion of an extra subroutine to
massage the input data and improve the computer run times. Thus, these three
new programs each have unique capabilities. However, the earlier stepped-lap
joint analysis programs A4EF, A4EG and A4EH have no capabilities not found in
the A4EI proaram. Yet their more limited capabilites are associated with a
far shortgr computer code so that they may be more desirable for small
computers or for subroutines in bigger programs on larger computers.
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4.2 REPAIR OF DEFECTIVE BONDED JOINTS BY MECHANICAL ATTACHI INTS

Section 2 of this report contains several sample solutions of the 1load
transfer through a substantial titanium to graphite-epoxy adhesive bonded
Boint. These include both the basic nominally perfect join. and three
Hifferent disbonds. The purpose of this section is to show how the additicn
bf mechanical fasteners, in the form of 5/16-inch titanium bolts, can modify
the original solutions. The basic joint geometry is shown in Figure 38. The
composite laminate is 0.81 inch thick, while the titanium is 0.51 inch thick,
and the overlap is 5.0 inches. It was shown in Section 2 of this report how,
by progressive redesign, the joint strength could be increased significantly
by optimizing the proportions. However, these refinements are not compatible
with the use of bolts to provide an alternative load path with which to repair
local disbonds due to misfit during manufaciure or damage in service. So the
original equally-stepped geometry is used in these new examples, with only a
§hqrtqug‘epd stgp on the titaniqm.
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FIGURE 38, STEPPED-LAP BOWDED/BOLTED JOINT
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Figure 39 describes the load transfer through the bonded-tolted joint and is
directly comparable with Figure 25 in Section 2 for a purely bonded joint.
The addition of seven rows of fasteners to this joint is actually predicted
to decrease the joint strenath, from 34,322 1b/in. to 33,096 1b/in., as
revealed by comparing Figure 39 with the equivalent solution here in
Figure 40 for precisely the same joint without any fasteners. The reason for
this decrease is & change in failure mode and location. While other examples
might show a small increase in strength, the assessment of load transfer
given in Figure 39 makes it clear that the addition of fasteners to an
unflawed adhesive-bonded joint does not 1increase the joint strength
significantly. In the example shown in Figure 39, the adhesive transfers
over 98 percent of the total load. That may seem surprising, since it shown
in Figure 4] that the fasteners acting alone, without any adhesive, could
have transferred 28,380 1b/in., or 83 percent as much as the adhesive alone,
The reason why the combination does not work well together is the gross
dissimilarity in stiffness hetween the two load paths. Taken together, %these
three solutions seem to make a strong argument against the combination of
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FIGURE 39. LOAD TRANSFER THRQOUGH BONDED/BOLTED STEPPED-LAP JOINT WITH NO FLAW
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adhesive honding and mechanical fasteners. Such & pessimistic prediction has
been found to be true for several joint geometries investigated during the
course of this work. A well manufactured, well designed bonded joint is very
difficult to improve upon, particularly when one considers the design
refinements described in Figures 8 and 9 of Section 2 of this report to
increase the bonded joint strength. Such techniques as the special shortened

end step on the titantium plate are not quite compatible with the subsequent
additions of rivets or bolts,

Before proceeding to the more fruitful applications of combined bonding and
bolting, below, it 1is appropriate to comment on & surprising feature of
Figure 41, The end bolts pick up much less Toad than do thase in the
middie. This is in marked contrast with the behavior of adhesive-honded
joints, where the load transfer peaks at the ends. The reason for this
alleviation in Figure 41 is that the end steps are quite thin and, therefore,
those fasteners have a much lower effective stiffness than those nearer the
middle of the joint, If the members being bolted together were uniformly
thick, the end fastencrs would incur a disproportionaile share of the 1oad,
just as for bonded joints.

When the bolts are used to substitute for defective or damaged bonds, the
pessimistic picture above changes dramatically. This is shown in Figures 42,
43, and 44, which are directly eguivalent to Figures 15, 16 and 17 of
Section 2 of this report for flawed bonded joints without fasteners. The
strength increases due to such bolted repairs are seen to be substantial even
though they remain much weaker than the baseline joint in Figure 39 or 40.
What is of special interest in Figures 42, 43 and 44 is that the fasteners
still transfer so little of the load. Their effectiveness foilows from
relieving the stress and strain concentrations in the adhesive immediately
adjacent to the flaw, rather than in the load they transfer themselves. In
other words, the benefit from the presence of the bolts is that they permit
the remaining adhesive to work more effectively. The strengths of the
unrepaired flawed bonded Joints are shown in the lower left corners of
Figures 42, 43 and 44 for comparison, (While the geometry of the joint in
Figure 38 here and Figure 5 of Section Z is slightly different hecause of the
shortened and titanium step here, the effects are insignificant, as can be
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seen by comparing the purely boaded joint analyses - 34,322 1b, in Figure 40
here and 24 0376 b, in Figurz 6 of Section 2.)

Wsile it is true that i%e predicted strength Tor the fasteners aione, in
Figure 41, 1is groater than for any o the repaired bonded/bolted joints in
Figqures 42, 43, and 44, it should de acknnwledged that Figure 41 represents
an ultimate load condition, with subutart'al damage to the laminate at much
lower Toad levels. The bonded/bolted repaired joints would last much Tonger
in service than tle same joint with no adhesive, It is not <¢lear whather the
repaired jointe would default to the greater ultimate strength with fasteners
atone because the weak link with fibhrous composite adherends is not the
adbesive - it is delamination of the adherends - so the initial failure sight
well triqgger quite a different final failure, ‘

This use of tha combination o%‘bonding and bolting for repairs is thus seen
to expose very real beuefits which the assessment of the nominally perfect
hond in Figure 39. could not reveal. v
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FIGURE 45, POTENTIAL MANUFACTURING PROBLEMS WITH STEPPED-LAP BONDED JOINTS

The likelihond of needina such repairs due to manufacturing difficulties can
be minimized bv the selection of the design and fabrication concept. This is
explained in Figure 45, in which the central titanium stepped plate used in
conjunction with co-cure and bhonding of the fibrous compcosite virtually
ensures an excellent fit without any of the difficulties likely to be
encountered with the bonding together of pre-cured detaile, Even sandwiching
the pre-preg betwean split external titanium plates will not resu,t in a top
quality bond because there is no escape path for any volatiles generated
he cur , even if the it were otherwise perfect.

4.3 REPAIR OF DAMAGED STRUCTURE BY BONDING AND BOLTING

The new analysis metnods can be applied also to the repair of general damage
to structure, pariicularly for fibrous compesite structures, regirdless of
whether suth damage occurred at tne site of an existing joint or not. Since
any such patch can he recarded as two joints back-to-back, the same theory
and analysis methods app;yﬁ However, for the repair of local damage, there
are redundant load paths in tke sense that the interrupted lcad is shared
between the surrouniing fintact structure and the repair member itself,
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Actually, if the repair is too stiff, it could even attract wore load locally
than the original <structure encountered. This is not the place for a full
discourse on the topic of the details of bonded repairs and the pitfalls to
be avoided, bhut the most basic principles must be explained to make the
present discussion effective,
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FIGURE 46. AUHESIVE-RORDED REPAIR OF DAMAGE YO FIBRDUS COMPOSITE STRUCTURES

The usual procedure in the sepair of local damage to fibrous composite
structure is shown in Figure 46. The damaged area is first trimmed to a
smooth tontour, Depanding on the appliication, the resulting hole may or may
not be filled., Finally, the damaged arez 15 covered by a larger patch, to
transmit sowe (or all) of the Voud which had been interrupted by the damaged
area. There are two potential sites at which the bdond may becoume critical.
One is at the outer porimeter of the potch and the otner is at the edge of
the hole, The fact that care must be taken at both locations is often
overtooked. There have heen premature failures, with excellently detailed
ruruncs at the edge of the patch, which were due to the abrupt thickness
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discontinuity at the edge of the hole. The understanding of this problem has
been compiicated by the fact that what seems to have been the very same
repair concept which had been tested satisfactorily in small scale had failed
when scaled up. While the hond area had heen scaled up, the adhesive
thickness had not bean and that omission changed the relative strength of the
: adhesive and adherends, resulting in a proncunced change in failure mode.
: ] Therefore, one should expect to relieve the stress concentrations at both
perimeters of the adhesive bond annulus, as shown in Figure 46, to develop
the maximum s®rength from such a bonded repair,

Eiamans sians dab Sk Sl o b
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Having attended to such design details for bonded repairs, the next step is
to analyze the repair concept. By inspection, the most severely loaded
locatinn is a unit strip along a diameter of the hole, in lipne with the

halhies o i i o

principal load directicn, Before the apalysis of that strip can be
performed, however, it is necessary to establish how much of the load remains
in the skins, to be cdiverted around the hole, and how much passes through the
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patch, over the hcle. Strictly, ore would need a finite-element analysis to
establish that precisely, byt the method described in Ficure 47 provides a

——

oY

H

E; o

$ REBRNRRER
r’- /—E,.t‘

: | c ,f:._____,_

i 'l u-)" O (1 +33)

! l AL

)
!llli#ill

STIFFNESS FROM cTOD

STIFFRESS OF PATCH FROM A TO 2

X~ Ent,/D
r o1 By
R m e m 2 LGAD IS SHARED ROUGHL. Y IN RATIO OF
5 ¢ D RELATIVE STISFRESSES, SO LOAD PASSING
STIFFNESS FAOM A TO D THRLUGH UNIT STRIP OF BOND SHOWN IS
g, {
k - ——— -
o 1./(1+ 3T or TOTAL
fv) BEMAVIOR OF UNAEPAIRED SKIK WITH MOLE (b.) LCAD SMARIAG AFTER PATCH BONDED ON
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, reasonably close approximation which can bhe evaluated with nc more than a
j pocket calculator. The load intensity along the strip to be anaiyzed can
!- then be established by load sharing in proportion to the reiative stiffnesses
' of the load paths, as shown in part B of Figure 47,

A simple but particularly powerful rule to remember in this kind of
assessment is that a hole in an isotropic plate under uniaxia® Tloading
increases in diameter or radius precisely three times as much as the same
length in an area remote from the hole, as shown in part A of Figure 47,
Thus, the stiffness of the load path diverted around an open hole is only one
third as great as for the original structure, This softening is quite
heneficial, since it diverts load away ftrom the damaged area. The deduction
of the factor three follows from the classical analysis of the stress field
around an open hole in an infinite plate given in Referance 15. With the
relation between the load in the patch and the remote stress level thus
established, these new analysis programs can be used to analyze either purely
honded or bonded/bolted repairs. A sample solution is shown in Figure 48 to

illustrate the capabilities of the A4EK program in tThis context. On iheir
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own, the bolts would be predicted tr be capabic of an even greater 1load
transfer, of 9581 1b, per inch instcad of 9535 1h, per inch for the
combination, Again, however, it should be noted that the 9581 1b. is an
ultimate value, attained only after substantial damage around the bolt holes,
while the 9535 1b. strength would be achieved with no such damage.
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i The bolts in the repair shown in Figure 48 would often be the most practica!
i way of locating the patch and clamping the parts together, particularly if
‘ they are thick. That would leave only the need for application of heat to
' cure the adhesive. The reliable in-service repair of fibrous composite
structures by adhesive bonding alone is not as simple as it seems at first
sight, however. One major problem which is already recognized in many
quarters is that the small amount of moisture absorbed by laminates causes
inferior hond or co-cured laminate strengths unless it is first removed hy
careful drying out, The impracticality of doing so in some cases,
; particularly for large thick composite structures, means that high-strength
I bonded repairs cannot always be relied on. Therefore, the repair of large
| composite structures may he forced to depend on mechanical fastening and an
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(In that case, the
In the case

adhesive bond of only about haif its normal strength,
predicted strength above would be reduced to €777 1b. per inch,)
of thin composite laminates, on the other hand, purely bonded repairs are
quite practical, because the bond starts out much circnger than thin

adherends, the drying out prier to bonding is both quicker and easier,
4.4 COMBINATION OF BONDIMG AND BOLTING IN FAIL-SAFE STRUCTURES

There i5 a quite wisespread misconception that mechanical fausteners can be
considered tuv aiwavs orovide fail-safety for adresively-bonded joints. In
actual fact, they czn do so only in relatively fe. instances in well-desiyned
bonded structurc and not many more in poorly-designed structure. The key to
the differences {n behavior lies in the relative strength of the adhesive and
the adherends., This is expfained fully in Reference 16. Briefly, whenever
the bond is stronger than the members beaing joined, no faii-safe load path is
needed because the failure must run outside the bond area (where any rivets
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would be Jlocated) before it could propagate. In such a case, rivets to
backup the bond would be superflucus because, even in the area adjacent to
any disbond wr damage, the adherends are simply not strong enough to fail the
adhesive,

In the case of thick members bonded together with such a simple joint concept
that the adhesive is the weak link, a Tocal disbond could cause a widespread
and catastrophic unzipping of the bond, Mechanical fasteners through such a
hornd would provide & deqree of fail-safety and could represent an {mproved
structure. Certainly, no adhesive bornd should ever be used without such
reinforcement whenever the bond would be weaker than the members being
Jjoined, In some such cases, the use of a complex Jjoint geometry would
provide the better solution, by increasing the joint strength and removing
the weak-link fuse from the structere. That is not always possible, however,
particularly for fibrous composite structures, as is explained in the next
section, so there are some structures for which the strongest and most
damage-tolerant structure is obtained by bonding and bolting together, It
should be understood that, even so, the ultimate strength of the intact
structure is effectively defined by the adhesive alone, and the fasterers
remain virtually unloaded until some damage has occurred to cause a lcad
redistribution, as shown in Figure 49,

Whereas rivets or bolts can therefore be considered as fail-safe load paths
for thick bonded structures, the converse is true for thin structures. This
car. be appreciated for Figure 50 by starting with the riveted, bond-free case
as a baseline. The fasteners cause a weakness in the members being joined,
like a seam of perforations along the joint. And the nature of such
structure is that the more fasteners are broken {or thz longer is the skin
rrack), the more severe is the load in the adjacent skin and fasteners.
These conditicns permit a catastrophic tearing whenever the damaged area is
large enough or the load sufficiently high, Those unsatisfactory
characteristics can be avoided by including adhesive bonding as weil, both as
a stronger alternative Toad path and as a means of reducing both the skin
stress and the bearing stress along the fastener seam. It fs fair to sayv,
then, fhat the adhesive bond is then acting as the fail-safe lcad path for
the rivets! 1In actual! fact, the rivets or bolts are then superflucus
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whenever the bond is stronger than the adhesives and should be eliminated to
save weight and cost and to remove possible sites for damage initiation,

1f so-called chicken rivets are added to a design only because of doubts
about the reliability of the surface preparation or quality contragl for
bonding, that cost would be better spent on improving the bonding technigues
to remove the doubts. There are sufficient good service records of honded
structures to have full confidence in bonding alone, proved that the design
and manufacture are done properly., Advanced composite structures have done
much to expand the use of adhesive bonding in highly-loaded structure because
they are so brittle that the structural efficiency of purely bolted or
riveted composite structures is often unacceptably low, Thet is one reason
why so much such structure is purely honded.

4.5 ANALYSIS OF FAIL-SAFETY OF BONDED/BOLTED STRUCTURES

The section above contains an explanation of why the combinaticn of bonding
and bolting can be the most appropriate for thicker structures, particularly
when made from fibrous composites. The purpose of this section 1s to

illustrate the use of the new analysis program A4EX to characterize such a
situation,

Fiqure 51 shows the area of concern representative of a bonded/o0lted spar
cap and skin combination 1in fibrous composite construction. Even under
normal operating loads, the total load would be some tens of thousands of
pounds. Now, if either the skin or the spar were tc be broken, but not the
other, a resin interface adjacent to the bond would be overloaded and tend to
unzip. The only restraint would be the fasteners wh.ch have much more shear
strength than the resin or possibly even the adhesive. The adhesive itself
is not the weak link because it is s0 much tougher and stronger than the
resin matrix, Therefore, the resin properiies are used in the analysis in
place of thosa for the adhesive, The analyses of this problem shown in
Figures 52 and 53 show that the structure would indeed start to unzip and
that the fasteners are capable of arresting such delaminations before they
spread very far, This hehavior is directly analogous with that reported in
Reterence 17 for purely bonded stiffened metal structures, In fuct,
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stiffnessas calculated by the A4EK program for variouz joint geometries and
assumed or known disbonds could be fed into the pocket-calculator solutions in
Reference 17 to expand the capabilities of each individual analysis.

Several significant observations can be drawn from Figures 52 and 53. The
problem analyzed in Figures 52 and 53 is a qood example of the need for
fail-safe fasteners in thick, highly-loaded bonded structures. Local damage
to one member would result in catastrophic failure due to unrestrained
delamination 1f the structure were only bonded, without fasteners. The
presence of the fasteners confines the delaminations to quite a small area,
making repairs quite practical. While the bond alone is not as strong as the

adherends, the fasteners are and they can reduce the loss of strength due to
the initial damage to only a loss of effective area without any notch
factor. The contribution of the adhesive in this case is so slight that the
combination of fasteners with- a good sealant would perform just as well as
with the adhesive, particularly since the delamination tends to occur in a
laminate rather than in the bond. The choice between adhesive and sealant
should then be based on producibiiity considerations to maximize the quality
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of the structure. It is important that the bonding medium should flow
neither so little as not to wet the surfaces nor so much as to flow out all
over the place. So the ideal material for such an application will have the
cure cycle most compatible with tle available heat-up rate for a given
application,

4,6 CONCLUSIONS

The new nonlinear analysis of bonded/boited joints is particularly useful in
the context of damaged or imperfect structures. The method can be used to
analyze the residual strength of such structures,

These analyses have confirmed that bonding and bolting together do not
achieve any significant advantage over adhesive bonding alone in
well-designed intact structures.

The A4EK program makes possible the analysis of the bonded/bolted repair of
damaged or defective honded structures by matching the various deformations
through each load path.

The question of using fail-safe rivets in bonded structures is more complex
than is generally recognized and a thorough explanation of the entire story
is provided. Rivets are usually superfluous in lightly loaded structure, but
bolts can be very valuable for heavily loaded bonded structures.
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APPENDIX

This appendix (AFWAL-TR-81-3154, Vol II) has been intentionally omitted from
this report because the computer software contained therein is limited to DOD
agencies only. Other requests for the software should be submitted in accord-
ance with AFSC Sup 1 to AFR 300-6 (DOD Dir 4160,19 dtd 2 Apr 73). Requests
must be submitted to AFWAL/FIBRA, Wright-Patterson AFB, OH 45433,
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