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SUMMARY

Recent experimental work has shown that adhesively bonded inserts can significantly
increase the fatigue life of fastener holes. This paper concentrates on developing an under-
standing of the mechanisms which give rise to the observed increase in life. Cracked as well
as uncracked fastener holes are considered. It is shown that both the stress concentration
Jactors, and the stress intensity factors are significantly reduced by the use of cither bonded
rivets or bonded sleeves. It is also shown that the siress intensity factor, for a cracked hole
repaired by a bonded insert, can be obtained by analogy with readily available solutions.

POSTAL ADDRESS: Director, Acronautical Research 1.aboratories,
Box 4331, P.O., Mcibournc, Victoria, 3001, Australia
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NOTATION
a Length of crack in specimen
E Modulus of elasticity
K Mode | stress intensity factor
r Distance from crack tip
! | Adhesive thickness
. v Displacement of point on crack face at distance 7 from crack tip i
v Poisson’s ratio ‘
xy Cartesian co-ordinate axes system §
o Remote stress applied to specimen
0 Angular rotation from x axis
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Mot 1. INTRODUCTION ’
w This report describes work done as part of the continuing fatigue-life enhancement program

x'.;'. at the Aeronautical Research Laboratories, Australia. In the past, considerable effort has

\:‘ been spent on developing adhesively bonded repairs to aircraft structural components. One

b

area of particular importance is the fatigue life enhancement of fastener holes, since these are
common sites for fatigue crack initiation in aircraft structural components.

b
L) In recent years a new method has been proposed for the fatigue-life enhancement of fastener
holes (1, 2]. This approach involves bonding an insert, either a fastener or a sleeve, into the
e, fastener hole. The idea is based on the premise that the adhesive improves the load transfer in
{ _ the component, thereby reducing the stress concentrating effect of the hole, and subsequent
S\ RN . to crack initiation, reduces the stress intensity factor at the crack tip. Experimental work has
; A shown that this method significantly reduces the rate of fatigue crack propagation from fastener
; » : holes, and is superior to other life enhancement schemes [2).
- Analytical solutions for the stress analysis of fastener holes with bonded inserts are not
_ available, due tothe geometric complexity and material discontinuity occurringin such components.
e N This necessitates the use of either numerical or experimental methods for the study of this class
;\, of problem.
'f‘:; In this report we carry out stress analyses of fastener holes with bonded inserts (both rivets
‘.‘ and slecves) by using the finite element method [3, 4), with fracture mechanics [5, 6] playing
A a key role. The influence of variations in both adhesive thickness and crack length are considered
. in detail.

o In Section 2, a background to the finite element method used is given. This is followed in
:::- Section 3 by numerical investigations of single hole specimens with bonded rivets and bonded
o sleeves. The results are then discussed in Section 4.
=
o,

Loy

)

: ~

&

A 2. METHOD OF ANALYSIS
: v In this paper, we carry out elastic stress analyses of cracked and uncracked specimens, to
! ':. : : investigate the effects of bonded inserts, using the finite element method. For uncracked speci-

g mens, the stress concentrating effect of the hole is particularly important, since this governs the

W time to crack initiation, while for cracked specimens, the stress intensity factor is of key impor-
[ tance, since this governs the rate of fatigue crack propagation.

2 To carry out the stress analysis using finite element methods, three complications need to
bt ‘; be addressed, namely,
. .'P

:: (i) correct modelling of the crack tip displacement singularily, to allow the stress

- intensity factor to be determined,

!

“; : (ii) modelling of the very thin adhesive layer, and

o .

.h (iii) consideration of the possibility of adhesive failure.
'.I -
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2.1 Detormination of Stress Intomsity Facter

A number of finite clement methods can be used to model two-dimensional crack-tip
behaviour. The best of these methods are reviewed in references [7) and [8]. We use small tri-
angular isoparametric elements at the crack tip, with their mid-side nodes shifted to the quarter
point [9]. These clements give the required /8 displacement singularity, are accurate, and are
casy to implement. Thus, from near tip displacements, the stress intensity factor is determined
using the equation given in reference [5), namely

4(1— )\/r(l+r/21) @n

where u is the displacement of a point on the crack face, r is the distance of that point from the
crack tip and / is the crack half length as defined in reference [5).

2.2 Modelling of Thin Adhesive Layer

In the analysis of fasteners with bonded inserts, it is apparent that the thickness of the
adhesive is very small compared with characteristic values of hole radii. This necessitates the
use of high aspect ratio elements to model the adhesive, if unduly refined clement meshes in
the rest of the structure are to be avoided. In modelling the adhesive, eight-noded isoparametric
elements are used and to overcome the problems associated with high aspect ratio elements,
reduced integration is used, and the stiffness matrices are computed using double precision.
The problems associated with the use of high aspect ratio elements are discussed in detail in
reference [10).

2.3 Adhesive Fallure

In the majority of the work done in this investigation, it was assumed that the adhesive
remained intact with no adhesive failure criterion being adopted. However, some analyses were
done using a simplistic approach, whereby the adhesive was allowed to debond over 509 of the
contact area with the specimen, as shown in Figure 1.

3. NUMERICAL INVESTIGATION

Detailed finite clement analyses of typical single-holed tension specimens were done to
investigate the possible benefits of using bonded inserts as a life enhancement method. The
geometry of these specimens was chosen so as to coincide with those for which test results are
given in reference [2). Both cracked and uncracked specimens were considered, and the effects
of variation in adhesive thickness and crack length were studied. The analyses were done using
the PAFEC suite of programs on the ARL VAX 11/780 computer. The finite element stiffness
matrices were computed using reduced integration and double precision and the solution was
performed using double precision.

The analyses of two different specimens, which we designate No. 1 and No. 2, were under-
taken for elastic plain-strain conditions, and these are shown in Figure 2. Both specimens were
loaded by a remote tension stress of 265 MPa, and are aluminium alloy, with the material
properties £ = 73 GPa and v = 0-32. For all cases, the adhesive material properties were taken
as E = 1-89 GPa and v = 0-35.

Various analyses were conducted for specimens with both bonded rivets and bonded slecves,
and are discussed in detail in the following subsections. Stress intensity factors were determined
using equation 2.1.
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3.1 Bended Rivet

For all cases discussed, the rivet is aluminium alloy, with material properties £ = 73 GPa
and » = 0-32. Also for comparison purposes, some analyses were done without the rivet,
and some with the glue allowed to fail in tension (as explained in Section 2.3).

3.1.1 Specimen 1: Uncracked

Specimen | was first considered to be uncracked. Due to symmetry only 1/4 of the structure
was modelled, as shown in Figure 3. The resultant finite element mesh consisted of 38 eight-
noded isoparametric quadrilateral elements, and 8 six-noded isoparametric triangular elements.
The values of the maximum principal stress in the specimen are given in Table I.

3.1.2 Specimen 1: Cracked om Oue Side

Here the specimen was considered with a crack along its centreline, emanating from the
hole edge, as shown in Figure 42. Due to symmetry only 1/2 of the structure was modelled, as
shown in Figure 5. The resultant finite element mesh consisted of 74 eight-noded isoparametric
Quadrilateral clements, and 34 six-noded isoparametric triangular elements. The results for stress
intensity factors &t the crack tip are given in Table 2. Further analyses were also done with the
rivet rigidly attached to the specimen, this being equivalent to the specimen being cracked, but
having no hole. These results are also given in Table 2.

3.1.3 Specimen 1: Cracked on Both Sides

In this case the specimen was considered with symmetric cracks along its centreline, emanating
from the hole edge, as shown in Figurc 4. Due to symmetry only 1/4 of the structure was
modelled. The finite element mesh used was identical to that shown in Figure 5, except that
the left half of the structure was omitted and nodes on the y axis were restrained in the x direction.
The values of stress intensity factors are given in Table 3.

3.1.4 Specimen 2: Cracked on One Side

Due to symmetry only 1/2 of the structure was modelled. The finite element mesh was
identical to that used in Section 3.1.2, except that the structure was double that size. Stress
intensity factors are given in Table 4.

3.2 Bended Sieeve

In this case the insert was a steel sleeve with the material properties, E == 210 GPa and
v = 0-32, and of ) mm thickness. The structure modelled was specimen 2 with a crack on one
side, emanating from the hole edge, as shown in Figure 4a. Due to symmetry only 1/2 of the
structure was modelled, as shown in Figure 6. The resultant finite element mesh consisted of
78 eight-noded isoparametric quadrilateral elements and 23 six-noded isoparametric triangular
clements. The results for stress intensity factors are given in Table S.
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4. DISCUSSION

‘ From the results of the numerical investigation in Section 3, a number of interesting trends
o have become evident, and are described in the following subsections.

R 4.1 Uneracked Specimen

. R The results in Table 1 indicate that using a bonded rivet gives rise to a reduction in the maxi-
' S mum principal stress in the specimen of the order of 50%. This reduction is a maximum for
b ' the thinnest adhesive thickness, and decreases as the adhesive thickness is increased. When the
i adhesive is assumed to have failed by debonding over part of the interface the reduction in the
9; U o stress level is approximately 40

4.2 Cracked Specimes

‘ .

. There are a number of important points which arise from this analysis, viz.:

¥

‘e il

:&‘ (i) A bonded rivet or sleeve significantly reduces the stress intensity factor. This is

true even after a significant proportion of the adhesive has failed.

-5 (ii) The values of the stress intensity factors for a crack on one side of a bonded rivet
:" _ hole and for a crack of the same length, on both sides of the hole are very similar,

ti _ as can be seen from Tables 2 and 3.

Z’z ; (iii) From Table 2, by comparing the values in the ‘No Hole' column with the other
values, we sec that as the crack length increases, a crack at a bonded rivet hole

P behaves very much as if the specimen does not contain a hole at ali. For specimen )

.': this asymptotic behaviour is effectively reached at a crack length of approximately

£ 2:5mm. This is particularly important since a hand-book solution is available

‘ ,:3 for the ‘No Hole’ case [11]; it appears then that this solution could be conveniently

. used in some instances for estimating the stress intensity factor for a cracked hole
containing a bonded insert.

i

s

N 4.3 Experimental Results

)4 L

Ps The large reductions in the stress intensity factors indicated in our numerical investigation

{ should give rise to a significant increase in the fatigue life of a specimen with an adhesively

e bonded insert. This effect has been confirmed in a companion paper [2], as can be seen from the

A experimental results given in Table 6, which deal with the life of specimen number 1 under a

fEJ"'ru

typical service-load spectrum.

A4 —«",. 5

S. CONCLUSION

S
o «Vy

'l’

This paper has shown that the stress concentration factors at a hole and the stress intensity
factors at a cracked hole are significantly reduced if the hole contains a bonded rivet or a bonded
steel sleeve. It has been shown that, as the crack length increases, the solution for a cracked hole
— containing a bonded insert approaches that for a crack alone, i.e. with no hole in the specimen.
For the latter case a hand-book solution is readily available.

g e~

i N
f The next stage of this project involves a joint numerical and experimental investigation
1 v} into the repair of a quadrant crack cmanating from a fastener hole.

Y

.

ISN3dX4 INIWNYIAOD LV U3INA0YJIY
R T e T L A T 4 T e T L Sl o




& ACKNOWLEDGEMIENT

The suthors wish to acknowledge the interest, and encouragement in this project given by
Dr A. A. Baker of Materials Division, ARL.

e
i e i

A
S

3SN3dX3 LNINNUIAO0O LV G30NA0YdIY

L R R D S T B SN ATt




REFERENCES

(1] Jones, R, and Callinan, R. J. ‘New thoughts on stopping cracks which emanate from
holes’. Int. Jnl Fracture, Vol. 17, 1981, pp. R53-RSS.

{2) Manmn, J. Y, Bell, R. A, Jones, R., and Heller, M. ‘The use of adhesive-bonded rivets
to reduce the effects of rivet holes on fatigue life’. ARL Structures Report 399, 1984,

3] Zienkiewicz, O. C. ‘The finite clement method’. 3rd Ed., McGraw-Hill, New York, 1977.
[4) Bathe, K. J. ‘Finite element procedures in engineering analysis’. Prentice-Hall, 1982.

[5] Liebowitz, H. ‘Fracture: An advanced treatise’. Vols I-VII, Academic Press, New
York, 1968.

(6] Knott, J. F. ‘Fundamentals of fracture mechanics’. Butterworths, London, 1973.
[7] Fawkes, A. J., Owen, D. R. Y., and Luxmore, A. R. ‘An assessment of crack tip singu-
larity models for use with isoparametric elements’. Engineering Fracture Mechanics,

Vol. 11, pp. 143-159, 1979.

(81 Jones, R., Watters, K. C., and Callinan, R. J. ‘A hybrid contour method'. Jnl Structures
and Mechanics (in press).

[9) Henshel, R. D., and Shaw, K. G. *Crack tip elements are unnecessary’. Int. Jnl Numerical
Methods in Engineering. Vol. 9, pp. 495-507.

(10] Jones, R., and Callinan, R. J. ‘Some thoughts on 3D isoparametric clements’. ARL
Structures Report 489, 1983.

(1] Rooke, D. P, and Cartwright, D. J. A Compendium of Stress Intensity Factors. Her
Majesty's Stationary Office, London, 1976.

ol

. b RS e

-

t
{

ASNIdX 1 INFJWNHIADYD LV UI0NU0NUd I

B B T R T D e SR R TR N A IR




v g W ITTRITR TALINE TR L O T T L Gl WU P S R B

TABLE 1
Maximum Principal Stress for Uncracked Specimen No. 1 at 6 =0

with Bonded Rivet
Case Considered Maximum Principal Stress
MPa i

Unfilled hole 853 '
Bonded Rivet

t =0-0127mm 337

t = 0-0254 mm 387

t = (-0381 mm 456
Bonded Rivet—

Partial debonding of adhesive

t =0-0127 mm 427

t = 0-0254 mm 483

£ = 0-0381 mm 580

t = adhesive thickness

TABLE 2
Stress Intemsity Factors for Specimen No. 1 Cracked on Ome Side
Stress Intensity Factor K
MPavm
Crack length a Bonded Rivet No Open
22N mm hole hole
T.':‘:’ t=0-0127mm | ¢=0-0254mm | ¢ =0-0508 mm
.~-. [ ‘
’ I
- A B A : B A ' B
1 B I ‘
Ca 1 |
0 . NERENTY . 71 16 . 25-6
FQ 5 9-1 12-1 ! I06‘ l42; 12-7 ! 169 |
e o 0-9 113 | 150 ; 128 ! 169 | 148 | 19°5 278
"‘:\' ’ j
o 15 43 | 184 . - 1 — | S i | 299 !
; !
L 2:0 Is9 | 200 - = 148 | 30-9 |
|
i !
2:6 17-1 | 21-4 | I — | 198 16:0 | 32:1
) i |

A == No adhesive failure.
B - Partial debonding of adhesive.
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TABLE 3

Stress Intemaity Factors for Specimea No. 1 Cracked ea Both Sides, 7 = 0:0127 mm

Stress Intensity Factor K
MPav/m
Crack length a
mm Unfilled Bonded Bonded Rivet—
hole Rivet Partial debonding
of adhesive

0-5 26-4 9.1 12:2

09 297 11-3 15-3

1-5 339 14-5 18-8
2:3 392 17-6 22-6

TABLE 4

Stress Intensity Factors for Specimen No. 2 Cracked
on One Side with Bonded Rivet, 1 = 0-0254 mm

Crack length a Stress Intensity Factor K
mm MPa
-0 12-9
-8 16-0
30 20-2
40 225
46 242
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TABLE §
Siress Intensity Facters for Specimen Ne. 2 Cracked on One Side,
t = 0-0254 mm
Stress Intensity Factor X
Crack length a MPay/m
mm
Bonded steel Bonded sleeve—
sleeve Partial debonding
of adhesive
10 13-35 16-3
1-8 16-5 20-3
3-0 20-7 25-3
4-6 | 26-0 28-9
|
TABLE ¢
Experimontal Fatigee Toest Results for
Specimen No. 1
Specimen Condition | Fatigue life
(flights)
Open hole 5929
Cold worked open hole 8212
Hole with bonded rivet 15688
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Debonding betwesn; 45°< ¢ <138° and 228°< ¢ <316’

FIG.1 DEBONDED REGION FOR ADHESIVE FAILURE ANALYSIS
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“ FIG.2 DIMENSIONS FOR SPECIMENS 1 AND 2

ISNIdX 3 ANINNUIAOY LY U3 K0YDIH

L A T A D o Tt S T A A R N A T D T R

I 370 3% %
RATAT S




Stres

Lk

/ /1’/7!

Rivet Adhesive Specimen

Detasil A

/ ' |
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FIG.3 FINITE ELEMENT MESH FOR SPECIMEN NO.1
UNCRACKED WITH BONDED RIVET

e s -BSNddX d LNFWNEINOL-AV-UddHHUHIH

I EATE VAR AR B S PRI CRR FOER RN SR SO A FEN R AR 2




a = Crack length

I !
[ ]

: : :

da .

] ]
1 | '
i ] |
(s) Specimen cracked on (b) Specimen cracked on
one side only both sides

FIG.4 CRACK GEOMETRY CASES
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