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SUMMARY

This report discusses the repair of impact damaged graphite/epoxy
composite laminates. The behaviour of delamination damage under both
uniaxial and. biaxial compressive loading is examined and the predictive
capabilities of several fracture parameters are investigated. Based upon the
results of this analysis a simple repair methodology is proposed and compared
with experimental test results.
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Notation

Area.

Crack length.

Thickness.

Compliance.

Stiffness tensor.

Funetion of temperature and moisture content.,
Change of volume per unit volume,

Maxinunn V.

Elastic modulii of orthotropie Lunina,

Fnergy release rate.

J-integral.

Maoisture content,

Reference maoisture content.

Component of unit normal to integration pathin the +odieetion,
Lo,

Load in X-direction,

Load in Y-direction.

Tenmperature.

Reference temperature.

T*-integral.

Traction component.

Component of displacement.

Volume of material.

Strain energy density.

Strain energy density available to fail the matrix.
Strain energy density in the fibre.

Coefficient of thermal expansion.

Material coefficient related to thermal expansion.
Integration path enclosing cracktip.

Integration path at a vanishingly small distance from cracktip,
Strains.

Failure angle using T approach.

Failure angle using energy density approach.
Potential energy.

Change in potential energy per unit thickness.
Component of stress.

Material coefficient related to moisture expansion.

Coefficient of moisture expansion.
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1. INTRODUCTION

Graphite/epoxy composites have many advantages for use as structural materials in
aireraft. including their formability. high specific strength and stiffuess, resistancee to erack-
ing by fatigue loading and their immmnity to corrosion. Apart from producing lighter,
maore cflicient structures, the use of composites should provide more darable structures
compared with those manufactured from conventional aluminium alloys. Anostralian in-
terests in graphite/epoxy composite aireraflt structures are focused on the throngh-life
support of the McDonnell-Donglas F/A-18 for the Royal Australian Air Foree, A detailed
review of damage tolerance from the Australian point of view is given in [U].

Graphite/epoxy composites, while having the above advantages, are prone to a wide
range of defects and damage which may significantly reduice residual strength [2-6). Of
the various types of defects, delaminations (i.e. single or multiple internal cracks whose
planes are parallel to the surface of a component) [7-9] arising in service are probably
the most insidious because they can cause reductions in compressive strength (up to 654
of undamaged strength {10-11]). and are difficult to detect. Delaminations may develop
during service due to the presence of excessive interlaminar shear stresses or through-the-
thickness tensile stresses at holes, free edges, in the region of section changes and bonded
Jjoints. However, the most important source of damage is from impact. Such damage can
occur from dropped tools or from stones thrown up from the runway. While impact can
cause a significant amount of delamination, often the only external indication is a very
slight surface indentation {12,13]. This type of damage is frequently referred to as “barely
visible impact damage’ (BVID). The problem of BVID is of particular concern because
the damage is unlikely to be discovered unless the region is subjected to non-destructive
inspection (NDI). Generally, this employs ultrasonic procedures when BVID is usually
readily detectable. However, unfortunately, most routine NDI is likely to be confined
to potential hot spots such as critical joints. Frequent full scale NDI is costly and time
consuming.

It is highly desirable that procedures are available so that the possible occurrences
of delamination-type defects are allowed for in the design and certification of composite
aircraft structures and in the development of approaches for through-life support, to
provide a rationale for setting inspection intervals, particularly for highly stressed regions
and also to provide repair/reject criteria [14,15].

There are two possible methods for repairing this damage. One approach is to remove
the damaged region [16-18] and use an internally bonded repair. This is very effective,
but requires extensive bonding facilities resulting in a significant period of non-utilization
of the component. An alternative approach is to increase the strength by reducing the net
sectional stresses. This can be achieved by placing an external patch over the damaged
area.

In this report, two fracture criteria, the strain energy density " proposed by Sih
[19). and the recent T*-integral proposed by Atluri [20], are applied to the problem
of a composite laminated plate with an impact damaged fastener hole repaired with an
externally bonded patch. Tests that were conducted to substantiate the numerical analysis
are also described.




2. THE 1~ APPROACH

The fracture criteria to be used in this study are T™-integral proposed by Atluri [20]
and the strain energy density approach developed by Sik [19). The T=-integral approach
will be presented first.

The original formulation of the path-independent J-integral. as presented by Riee [21.22].
ix given by:

J = /‘(H-.”] —l,“i.l)‘l” (1

where 1 is any closed path surrounding the cracktip. ny s the component of the unit
normal to the path in the o direction. £; is the traction veetor delined as 5 — w0, n, s
the displacement veetor and 18 is the strain energy density defined axs:

W= _-;t,‘l(,'j“f“ — .‘f,‘Jf,'_, (I'=1y) - 0;j¢ij (M- My + O (M) (2}
where (';, 1 is the stiffness tensor, .3;; and o¢;; are related to the coefficients of thermal
and moisture expansion and (') is a fuction of temperature and moisture.

In this analysis we evaluate a modified form of the J-integral, which is defined as T*
[20]. and where:

T = lin(\) (Wony —tu; 1) ds (3)
£— [-’

Here the path I, is a vanishingly small distance from the crack front and in three
dimensions must be normal to the crack front. An important characteristic of 7* is that
it is evaluated near the crack tip while the traditional J is really a far field parameter. In
fatigue crack growth, this distinction becomes significant since reverse plastic deformation
can occur upon unloading. Since T™* is evaluated near the tip, it is claimed [20] that it is
able to account for the near tip effects while J cannot [23]. In elastic analyses, 1" is defined
as in eqquation 2 for both T* and J. However, in the analyses of composite delaminations,
it is important to be able to account for local fracture events along a three-dimensional
crack front. In elastic analyses, for a through-the-thickness crack propagating under Mode
I fracture in a self-similar fashion, J (=T*) is equivalent to the classical energy release
rate GG, which is defined as:

on 1on
c=-2_-__Z
94 B da ()
where 911 is the change in potential energy per unit thickness of the system and da the
increment of crack length. When measuring G experimentally, equation 4 is often written

as:

_ Pde
" 2Bda
where P is the applied load, ¢ the compliance as measured by movement of the load points,
and B the specimen thickness. However, for three-dimensional delaminations, the growth
is usually non self-similar and therefore equation 5 is invalid. Furthermore, equations 4
and 5 are global quantities and do not provide information on near tip events such as

(5)
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local crack closure. For these cases. measurements of compliances do not yield true values
of the crack tip encrgy release rates. sce [24].

Several attempts have been made to expand the definition of encigy release rate in
equation 4 to include three-dimensional crack growth effects [23-27). These have resulted
in various volume integrals. However. in order to evaluate these formulations using finite
clement techniques, a prior knowledge of the nature of the crack growth and the shape of
the crack front is necessary. Presently, these formulations have been applicd successfully
only to spechmens of simple geometries [28].

The assomption of sell-similar erack growth is still inherencin the 7 -integral formula-
tion. Mthough this assumption is incorrect for three-dnnensional analyses of delamination
growth. it can be said that for points of maxinmm evack growth along the erack from,
there is sometimes a local self-similarity™ meaning that locally. the crack front remains
parallel. Henee the T-integral may be useful in identifving points of maxinann crack
growth and in estimating the crack initiation load. At points other than the positivons of
local maximum crack growth, 7 and other similar approaches canvot e said to give the
local energy release rate.

Another path dependent and energy related parameter ias recently heen proposed by
Watanabe [29]. This integral. which we will denote as 10 is aiven by the first terim in
= B
the expression for T viz:

1, = L / Wi ds )
I,

3. STRAIN ENERGY DENSITY

In the strain energy density approach failure is assumed to occur when the available
energy density W, at a distance r, in front of the delamination in the direction of
growth reaches a critical value W, The value 1. ix dependent hoth on the values of
dV(= 11 ¥ 29 + ¢33} and 4.1, the change of area per unit area.

For thermomechanical problems

. 1 1 . -
Wy = 5Tijtij — %0 (T-T,) - 50 Vij (M=) =y (7)
where a;j and v';; are the coefficients of thermal and moisture expansion respectively.

As shown in references [2,31.32] the strain energy density approach has certain ad-
vantages over the energy release rate approach. This relationship hetween this criterion
and the other failure criterion was discussed in [24].

For self-similar growth both approaches give residual strengths in good agreement
with experimental results [9,31,32). However. for non-self-similar growth energy release
rate concepts must be used with caution.

It should be noted that finite element studies have shown that for delaminations in:

a) composite laminates,
b) at step lap joints, or
c) at mechanically fastened composite joints,
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a stage is reached after which a significant increase in the size of the damage does not
significantly reduce the residual strength. This significantly simplifies the methodology
for estimating critical damage size.

4. THE FINITE ELEMENT MODEL

The problem chosen for this comparative analysis is similar to that uscd in [32] as a
benchmark problem to compare the predictive capahilities of 7 and encrgy density. How-
ever. with the purchase of the F/A-18 by the Royal Australian Aicforce (RAAF), attention
has been focussed on the use of AS4/3501-6 rather than the T300/5208 graphite/epoxy
which was considered in [32). For this reason the present investigation will use the me-
chanical properties corresponding to AS1/3601-6.

The problem considered was an impact damaged laminate with a fastener hole loaded
under compression.  The dimensions of the madel are the same as those used in the
experimental work of [33). The structure modelled in this analysis can be seen in Fig.
I and the finite element mesh for the unrepaired and repaired cases, can be scen in
detail in Figs. 2 and 3. The specimen analysed was a (0/45/02/ — 45/02/15/02/ — 15/0) ¢
AS4/ 3501-6 graphite/epoxy laminate and contained a centraily located hole of 9.5 mn
diameter. surrounded by delamination damage due to impact and poor drilling.

The clements used were mostly twenty-noded iso-parametric elements with direction-
ally reduced integration and 2 x 2 x 3 Gaussian quadrature points, with the 3 points
being taken through the ply thickness. Detailed description of the reduced integration
scheme ean be found in J31]. The crack tip elements along the circular delamination were
lifteen-noded iso-parametric wedge elements. The finite element maodel contained 2,763
nodes. 525 elements and had 7681 degrees of freedom. Restraints were applied along the
unloaded edges so as to ashieve various levels of restraint representative of a real structure.

The initial dawiage around the fastener hole was modelled as a civenlar delamination
of radins 13.75 mm bhetween the second and third plies (i.e. hetween the 152 and 0°
plies} [32). This s an approximate simmlation of the initial damage where it was found
from uhtrasonic C-scanning that the initial delamination was nearly cireular [33]). This
asstinption is further verified in seetion 9.

The two plies above and below the delamination were modelled separately with ordi-
nary three dimensional elemwents while the remaining 20 plies were modelled with super-
clements with displacements varying quadeatically in the local lso-parametvie co-ordinate
system. The niaterial properties used are those of AN /35016 [35] and are tabuolated in

Table 1.

It is important that, in the finite clement madel. the faces of the defamination are
prevented from overlapping [32]. Otherwise. non-physical solutions may e obtained. By
examining the solutions of the displacements. it was found that some parts of the delam-
inated faces have overlapped. However. unlike carlier work where a system of constraint
equations was used, the present work used non-linear gap elements te link all nodes on
opposing sides of the delamination surface. Non-linear gap clements set the stiffness of
the fink to zero unfess the two nodes are going to overelap. When this oceurs the stilfness
of the link is set to a large number thereby stopping the faces from overlapping. This
results in an iterative solution process with an increase in camputer time, but has the
advantage of being fully automated and requiring no initial knowledge of the regions 1o
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local crack closure. A compressive load of 150 kN was applied to the ends of the model
in the x-direction (see Fig. 1) and to investigate biaxial effects, a tensile load of either 17
kN or 0 kN was applied in the y-direction.

To investigate the effect of repairing the specimen a 12 ply (0/ + 45/02/ — 15/0) ¢
laminate was used as an externally bonded patch covering the damaged area. The
patch contained a hole to allow for the possible insertion of a fastener. To evaluate
fastener/structure interaction effects the conditions applied to the hole were chose.. to
represent:

1) An open hole.
2} An interference fit fastener.
3) A bonded insert.

5. FINITE ELEMENT RESULTS AND DISCUSSION

For each configuration the value of 7% and 11} was computed at each node around
the crack tip. as was the local minimum of Wy, which in each case corresponded (o the
local maximum of d1°, so as to enable a comparison of the three methods. A summary
of the maximum values of 7%, W,,. 1§, and the corresponding value of dV},, - is given in
Table 2. The angles, at which the respective maxima occur, which are referred to as fp
and Oy are also shown.

The variations in the three fracture parauicters aratnd the crack front are shown in
Tables 3 to 8 (see Fig. 4 for nodal positions). which give the values of 71V, and 11}
at selected points. The vanation in W, is similar to that of 77 The two plies above
the delamination move out of plane, i.e. crack opening and/or closure. For all of the
cases analysed this out of plane movement was non-symmetric (see Figs. 5 and 6). Thix
asymmetry results in the asymmetric growth of the delamination which is consistent with
C-scan and thermal emmission measurements. see {36].

The results of this analysis suggest that:

(1) Load biaxiality has a marked effect on the fracture parameters and hence on the
failure of structural components. The fracture parameter 7 is less affected by
load biaxiality than is W, and 187,

For all cases considered the location of the maximum values of hoth parameters
were sinilar.

—
1<
~—

(3

~—

When the patch material has the same stiffness as the parent laminate the reduc-
tions in 7%, W, and I}, can be estimated by multiplying the values corresponding
to the unrepaired structure with the square «© the reduction in the net sectional
stress. This infers that the residual strength of a repaired structural component
can be estimated by the following simple formulae:

Residual Strength (repaired) W(unrepaired)

Residual Strength (unrepaired) — Wrepaired)

where 11 is the energy density in the laminate in the region of the patch. Whilst
this formulae can account for multiaxial loading. in the case for a uniaxial load it
reduces, when the patch has the same effective moduli as the parent laminate, to

5
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Residual Strength (repaired) _ o{unrepaired) (8)
Residual Strength (unrepaired)  o(repaired) )

The energy density in both the repaired and the unrepaired structure can be
computed from a knowledge of strain gauge results before and after repair.

(4) Prohibiting local bending at the hole had an insignificant effect on the fracture
parameters. However, prohibiting in-plane movement and local hending reduced
T7* whilst not reducing W, and increasing Wy, This reduction in T* would
correspond to an increase in the failure load of hetween 11 to 16%.

Unlike 77, W, was essentially unaffected by this restraint. As a result. experi-
mental results are required to evaluate this eflect furthes.

(3) Energy density theory predicted that for most cases damage growth would be
predominantly in-plane.

6. COMPRESSION TESTS

The experimental work focused on the nse of an externally bonded repair to reduce the
net sectional stressex. Static compressive tests were conducted on compaosite specimens to
show that provided the global hending is 1 strained, the increase in the residual strength
can be estimated by the following simple tormula:-

Residual Strength (repaired) a(unrepaired) (7)
= 1
Residual Strength (unrepaired) a{repaired)

Two series of tests were carried out. The preliminary tests were aimed at developing a
test methodology 1o provide an acceptable level of global restraint. The material used in
these fests was connidered to be unacceptable, because of its inability to provide valid €
scan tesults, thereby rendering the results unacceptable. The methodology developed was
then used to obtain failure load /strain data for unrepaired and repaired test specimens.

Three impact damage sizes were chosen. In cach case the damage was anticipated to
lie on the flit or near the flat part of the residual strength versus damage arca curve (see

Fig. 7) [37).

7. SPECIMEN FABRICATION

The graphite epoxy material used throughout these tests was AS1/3501-6. The
parent material was laid up in sheets of 300mm x 900unn. with a ply configuration of
[(+ 152/ — 152104}, /90)s.

Before the specimiens were et from these panels, the panels were C-scanned to de-
termine the void content of the material. Two different sizes of specimens were cut. The
staller speeimens were used 1o develop the test methodology. whilst the larger specimens
were tsed for the main series of tests (see Fig. %), The working gauge lengths of the two
stzes of specimens were 120mm and 2500 respeetively,
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Each specimen was impacted with a 1/2" diameter ball bearing with a mass of 1 kg
and from a height of 1.3m. The impact test rig can be seen in Fig. 9. The specimens were
placed between two thick steel plates; with holes

drilled to the size of damage required. The absorbed energy was calculated by differ-
encing the initial kinetic energy and the rebound kinetic energy. A laser located on the
bottom right hand side of the rig (see Fig. 9) was triggered when the impactor cut the
beam. The initial and rebound pulses were recorded on a digital oscilloxcope (NICOLET
2090 MODE] 207). The data was then analysed by a HP 9816 computer and a typical
plot of tisme versus distance is shown in Fig. 10.

For the specimens used in the preliminary set of tests, the hole diameter of the stee)
restraint plates used in the impact test rig. was 30mm. For the main test series a range of
hole diameters used were namely 20mm. 30mm and 40mm. A summary of the alsorhed
energies can be found in Table 9. This Table also outlines which specimens were repaired.
or left unrepaired and the average damage arca created by the impactor.

Each specimen contained a 6Gmm diameter centrally located hole, simulating a fastener
hole, as was previously analysed. The hole was drilled using a diamond-tipped core drill
and was cooled by water, restrained by a plasticine dam.

All specimens were subjected to a C-scan of the impacted area. The damage size can
be approximated from the C-scan results; a typical C-xcan is shown in Fig. 11.

8. REPAIR FABRICATION

In order to validate the simple design rule previcusly postulated it was required that
the effective stiffness and ply configuration of the patch be representative of the parent
material. The material used for the patch was AS4/3501-6 and was 16 plies thick. with
a ply configuration of [0/ £ 45/ F 45/02). The ends of the patch were scarfed as shown
in Fig. 12. The length of the patches and distance to edge of the grips. for the two series
of tests were 80mum, 410mm and 190mm. 60nun respectively.

The patches were honded to the parent laminate using the cold setting acrylic adhesive
FLEXON 241. The adhesive was chosen for its shear strength, case of application and
because environmental effects were not an issue in this test series.

9. TEST METHODOLOGY

Data from the tests were acquired in two ways. For the preliminary tests, displacement
transducers were bonded onto the specimens and a plot of load versus displacement was
obtained. For the main series of tests, it was decided that far field steain gauges would
produce more useful data. The gauges show the average far field failure strains and also
indicate the extent of bending in the specimens.

Four strain gauges were bonded to cach of the unrepaired specimens as shown in Fig,
13. whilst each repaired specimen had two strain ganges located on the patched side as
also shown in Fig. 13, In each case the ganuges were 110mm from the edge of the hole.
Thi~ meant that both the repaired and unrepaired specimens had ganges located in the
same position relative to the hole.
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An HP 9816 computer program was written to acquire the strain readings a* . rate of
approximately 3 to 5 Hz. The program allowed the technician to scan the strain gauges at
particular load increments or continuously. After the test, the data was stored on a floppy
disk such that it could be analysed by the laboratory’s main data acquisition program
(33].

In order to achieve the required level of restraint in the specimen. an aunti-huckling
rig had to be used. Preliminary tests invofved the modification of this rig until the final
format was reached (see Figs. 14 and 15). The edges of the specimen were restrained by
four bars. with a further four cross bars connected to these bars and the anti-buckling
rig. in order to provide the required bending restraint.

In the process of developing the test rig it was noted that, when testing the repaired
specimens, severe bending occured due to the shift in the neutral axis due to the patch.
To alleviate this problem. all patched specimens were tested back to back. The spectens
were separated by an aluminimn spacer with a cut out region, i.e. a window, the size of
the working area of the specimen and with a 5mm strip down each side (see Fig. 16). A
window wasx used so that local bending of the delamination area was free to occur (see
section 1), It was thought that restraining the delamination from opening would result
in an unrealistic stiffness reading. Two repaired specimens were then bonded to either
side of the spacer with an Araldite epoxy . This was thought to aid in the load transfer
process from the grips to the specimens. This test configuration prevented global hending
of the specimens whilst permitting local bending of the delaminated region.

All experiments were conducted in a 500 kN dynamic and 625 kN static Testing
Machine. The loading rate for each specimen was 20 kN /min. The loads and strains were
tecorded continuously in the preliminary tests using an x-y plotter. In the main series of
tests recording of the data was done at load increments of 10 kN. Continuous scanning
was activated at 170 kN for the unrepaired spectimens and at 400 kN for the repaired
specimens. All specimens were tested to failure.

10. TEST RESULTS AND DISCUSSION

The preliminary tests provided valuable information on various aspects of composite
compressive testing. The maost noticeable problem was the global bending of the specimens
in the test rig. After several modifications to the anti-buckling rig global bending was
minimized, resulting in tests representative of a structural component which is essentially
restrained against out-of-plane bending. Minimal global bending of damaged components
will always occur. due to the non-symmetric nature of impact damage in composites,
Furthermore, for specimens with nominally the same damage area, or absorbed energy.
the level of intraply cracking is unlikely to he identical.

Quality control in the manufacture of composite material is another problem which
was encountered. Several of the panels received had significant thickness variations re-
sulting in resin rich areas and resin void areas. Large variations in absorbed energies were
seen when impacting specinens manufactured from this material. However, even though
the “bad’ material did not produce valid (-scan results, the average failure strains were
A% higher than the ‘good’ material.
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In the main series of tests, all specimens, except two which exhibited extensive bend-
ing*. produced load versus strain curves which were essentially lincar to failure. The
failure strains for each specimen can be found in Table 9. The failure strains follow the
asymiptotic nature outlined in [37.10] and a plot of residual strength versus damage arca
can be found in Fig. 17. For a given damage size the different forms of internal damage.
due 1o impact. were reflected in a slight variation in the failure strains. The experiments
were conducted with the testing machine in load control. There was a time delay before
the machine released the load. This resulted in extensive damage occuring to the speci-
miens (see Figs. 18 and 19). The patches and adhesive hond failed after the failure of the
parent laminate.

The failure load of the repaired specimen can be predicted {(see Table 9) nsing equation
7 and requires only a knowledge of the unrepaired residual strength and the change in
net sectional stresses due to patching. The change in net sectional stress can be readily
calculated from the change in net sectional area. This result is believed to substantiate
the trends predicted in the previous chapter and significantly simplifies the repair design
philosophy.

It was shown in [10] that, a stress reduction of 10% can produce a 100 fold change
in life. This reduction in stress can easily be obtained using an external patch. The use
of an external patch method avoids the requirement for complete renwsal of the damage
area, resulting in speedier and simpler repairs for in-service structural components,

11, CONCLUSIONS

This paper has presented a repair methodology that can be used as a quick first
approximation to field repairs of impacted damaged composite structures. The use of
externally bonded patches has the advantage of being easily and quickly applicable. In
certain cases, the existing internal delamination damage does not have to be remaved.

The analyses revealed. after close examnation of the stresses and change in volume
around the crack front, that the dominant mode of failure was Mode 1. As seen in [10].
Mode T tests provide more consistent values of energy release rate than those obtained
from Mode I tests. This infers that additional research i required to fully understand
the implications of delamination failure by Maode 1.

The present analysis has revealed that load biaxiality has a marked effect on the
linear-elastic fracture parameters. This infers a corresponding effect on residual strength.
Given the absence of experimental data an experimental program to verify this prediction
is necessary. It is also conjectured that when using an externally honded repair on thick
supported structures, the increase in the residual strength is proportional to the reduction
in the net sectional stress provided that the repair is of similar effective stiffness.

* The patched specimens 4 and 5 had vastly different absarbed energies and the patches
were not exactly in line, thereby inducing extensive bending near and up to failure.

9
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| Table 1: MECHANICAL PROPERTIES OF AS4/3501-6.
|
En | Exn | Ez 2, G2 | Giz | Ga
(MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa)
128.200 | 13,800 | 13,800 | 0.3 | 5.857 | 5857 | 5.857
Table 2: SUMMARY OF T*. W, dVy0r AND WY
Case I* | Or Predicted dVinar { Wae |0 | Predicted ' W, | Predicted
: B A | PoWe | LW
I'N {00907 030° | - 1-0.00126 | 05176 | 30° —  Joo0s03 1 -
2UN {00901 |30° | —  |-0.00125 | 05175 | 30° - 00508 -
3UN | 0.0687 | 45° — | -0.00118 | 05194 | 30° ~ 00648 | -
[ 1UR [0.0471 | 45° | 00403 |-0.00121 | 0.2672 | 30° | 0.2300 | 00272 00224
2UR | 0.0470 | 45° | 0.0400 |-0.00119 |0.2673 {30° | 0.2300 | 0.02% } 0.0226
3UR !0.0376 |45° | 00305 |-0.00113 |0.2693 | 30° | 0.2308 | 0.0283 | 0.0288
IBN [0.1390 |30° | - | 0.00448 | 1.0753 | 30° — Toiweo| -~
2BN | 0.1390 | 30° — 1000447 | 10732 130° | —  ioa0 ! —
3BN | 0.0992 | 30° - loo038 [10728]30° | — oame! —
IBR 100669 | 30° | 0.0618 | 0.00290 | 0.4968 | 30° | 04779 | 00561 | 0.0516
2BR | 0.0669 iso“ 0.0618 | 0.00176 | 0.4968 | 30° | 0.4779 | 0.0551 I 0.0511
3BR Jo.osn {30° | 00441 | 0.00236 10.5025 30° | 0.4768 [ 0.0790 | 0.0764

WA A~ e s

Case Description:

Table 3: UNIAXIAL 7™ RESULTS AROUND THE CRACK FRONT.

1 — Open hole, 2 — Interference Fit Fastener. 3 — Bonded Insert

U — Unijaxial Load, B — Biaxial Load. N — No Repair. R — Repaired.

Unrepaired
Node | Open Interference Bonded
Number 1 Hole Fit Fastener Insert
3 | 0.0889 0.0887 0.0687
:k 526 | 00907 | 0091 | 00666
B8, oooss | 00065 | 0030
49 0.0358 0.0355 0.0161
531 0.0007 00013 | 00043
| 533 0.0270 0.0264 00215 |
5| 00334 0.0328 00258




e ————— A A 3 e i<

Repaired (Pateh (0414502, 45.0)s )

Node Open Interference Bonded
Number Hole Fit Fastener Tusert

36 oo 0.0470 0.0376

T s 00467 00464 0.0366
[~ 528 0 00076 ¢ 00648 00179
e oot oo oo0n

53 0.0004 0.0439 C 00T

53 00157 00154 C o
5 om0 0.0169 0.0134

Table 4: BIAXIAL RESULTS 7" RESULTS AROUND THE CRACK FRONT.

Unrepaired
Node Open | Interference | Bonded
Nuniber Hole [ Fit Fastener ; Insert
36 0.1090 0.1080 0.0918
| s 0.1390 0.1390 l_ 00002
528 0.0149 0.0178 | o037
r- 19 0.0502 00499 | 00051
| 831 [ 0031 | 00351 [_”9:9}7}_ B
533 | 00587 | 0.0582 T 0.0330
BT | 00683 | 00626 | 00527
Repaired ( Patch (0,+45,02.-45,0)s )
Node Open [ Interference l Bonded
Number Hole Fit Fastener i Insert
36 0.0554 0.0553 I 0.0470
526 0.0669 00669 | 00511
528 0.0077 0.0095 0.0187
19 0.0208 0.0208 0.0025
Yy 0.0147 0.0147 0.0163
533 0.0271 00267 | 00189 |
s 0.0279 00278 | 0022 |

PP




Table 5: UNIAXIAL IV, RESULTS AROUND THE CRACK FRONT.

Unrepaired
Node | Open | Interference | Bonded
Number i Hole !_ Fit Fastener é Insert
‘ | 0.5065 L 04017
; i osis L o5
o T osme 02000
I o0usT | 00974 0.0981
1oner 04 o0
L N o L bl
I os163 | 0.5160 105196
Repaired (Patch (0.4+45.02,-45,0)s )
Node l Open | Interference | Bonded
Number Hole 1 Fit Fastener b Insert
AL | .
660 | 0.2672 \
[ 662 0.1595 |
664 0.0497 I
666 | 0.0659
668 0.2453
670 0.2596

Table 6: BIAXIAL RESULTS W, RESULTS AROUND THE CRACK FRONT.

Unrepaired
Node Open Interference Bonded
Number Hole Fit Fastener Insert
196 0.8848 0.8845 0.9318
660 1.0753 1.0732 1.0728
662 08333 | 08306 07870 |
664 0.4639 0.4638 T ou3Tt
666 0.7590 0.7572 0.7584
668 1.0540 1.0520 10748 |
670 0.8968 0.8964 09211

B e W S U R0 PRIV WP VP



Repaired ( Patch (O,+45,02,-45,0)s )

Node Open Interference Bonded
Number Hole Fit Fastener Insert
196 0.4074 0.4076 0.4267
660 0.4968 ) 0.4968 0.5025

662 | 03766 03753 0.3676
C o664 | 02000 ¢ 01998 . 0.1971
666 ) 03604 03590 | 03583

[ e8| 04992 | 04988 | 05029

Tero T oarer 1 oates | oams

Table 7: UNIAXIAL ¥, RESULTS AROUND THE CRACK FRONT.

Unrepaired
Node Open Interference Bonded
Number Hole Fit Fastener Insert
36 0.0503 0.0508
526 0.0421 0.0432 N
528 00424 | 00418 7
R 0.0472 | 00053 )
TS 00112 | 00115
533 0039 00334 . 00319
T "‘6’.&37‘7‘“%&3"“ !_ 0.0503
Repaired (Patch (0,+45,02,-45,0)s )
Node Open Interference ! Bonded
Number Hole Fit Fastener Insert
36 0.0272 0.0274 0.0267
526 0029 | 00215 | 00283
528 0.0212 0.0209 00170 |
49 0.0020 0.0022 0.0041
531 0.0059 0.0062 0.0112
533 0.0189 0.0186 0.0169
a5 | 00263 00262 | 0.0268
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Table 8: BIAXIAL RESULTS W, RESULTS AROUND THE CRACK FRONT.

Unrepaired
Node Open Interference I Bonded
Number Hole Fit Fastener L Insert
36 0.0496 0.0496 | o.1010
526 00167 | o046 | 0170
528 0.1160 | 0.1150 ' 00431
e oo | oo
53 1 00056 | 0.0066 [0.0142
[ 533 7 oos26 | 00621 00481
8 009 0076 ¢ 0054
Repaired ( Patch (O,+45,02,-45.0)s )
Node Open Interference Bonded
Number Hole Fit Fastener | Insert
0.0267 ) j
0.0231 ;
' 0.0562 T
| 0.0290 :
[ s 1 o003
533 | 00321
45 | oosts

e
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Table 9: RESULTS OF STATIC COMPRESSION TESTS.

Specimen | Impactor | Absorbed | Damaged | Unrepaired (U) | Failure | Failure | Predicted
Number | Diameter Energy Area Repaired (R) Load Strain Strain
(mm) ) (mm?) (kN) (pe) (pe€)
1 19.8 7.59 453 1] -190.9 | -4503 -
2 19.8 7.55 453 u -213.6 | -4680 -
3 19.8 7.96 53| U -n3.1 | -4826 -
4 19.8 5.60 479 R 22381 | -4993° 6164
5 19.8 8.21 0”8 R | 2R L 4003t 6164
6 S ¥ I N 1] 48 | R | 2803 | 6690 6164
_ T M8 | T8 w8 R -669%0 6164
8 | 300 7.46 33 & ; 4097 -
9 30.0 6.93 718 u ‘; 4375 -
10 30.0 7.88 665 | u | -1305 -
1 | 300 7.54 ™1 | U | -4350
2 | 300 7.74 w1 | U | 4274
13 | 300 7.67 761 ’ U -4025
14 ' 30.0 7.66 800 | R ’ -5293 -5694
15 ' 300 7.35 800 | R -5293 -5594
6 | 300 7.45 ™9 | R ‘ 5554 | 5504
o L300 7.64 R “R_______J 5554 -5594
18 1 397 6.25 1252 u | 4061
19 i 39.7 5.76 1252 u y 4445
0 | 30T 5.87 1252 | U 1 -4090
21 : 39.7 7.83 1385 | R -237.6 | -5337 -5542
2 397 7.58 1212 R l -237.6 | 5337 5542
2 397 7.70 1290 R L2224 | 5009 -5542
M 397 7.59 1120 R | -2224 0 25040 5542

* Specimens exhibited extensive bending prior to failure (anti-buckling rig was distorted)

ek,
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FIG 1: DAMAGED HOLE STRUCTURE.
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FIG 2a): PLAN VIEW OF THE FINITE ELEMENT MESH.
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FIG 2b): CROSS-SECTIONAL VIEW OF THE UNREPAIRED FINITE ELEMENT MESH.
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FIG 2c): PERSPECTIVE VIEW OF THE UNREPAIRED FINITE ELEMENT MESH.
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FIG 3a): CROSS-SECTIONAL VIEW OF THE REPAIRED FINITE ELEMENT MESH.

FIG 3b): PERSPECTIVE VIEW OF THE REPAIRED FINITE ELEMENT MESH.

{
Y

FUTHUU | S ~M*L‘~m

Ny




Crack
front

FIG 4: NODAL POSITIONS AROUND CRACK FRONT.
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Crack front

FIG 5a): UNREPAIRED STRUCTURAL DEFORMATIONS, SIDE VIEW.

FIG 5b): UNREPAIRED STRUCTURAL DEFORMATIONS, PERSPECTIVE VIEW.
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FIG 6a): REPAIRED STRUCTURAL DEFORMATIONS, SIDE VIEW.

FIG 6b): REPAIRED STRUCTURAL DEFORMATIONS, PERSPECTIVE VIEW.




i “vv

L I BRITTLE GFRP
[0°, 90°, 0°, £45°*, 0°] s
0 T
5 i
[+
X
so0 T
=
-
o
&
s 00
e
wn
3 om
2 Compression
©
.u;’ /—
(o 200 —+
\\\__ Tension
iw —
0 1 1 . 1 1 i |
T 1 ] T T |
0 2 4 [} 8 10 12

Impact Energy (J)

FIG7: TYPICAL RESIDUAL STRENGTH VERSUS IMPACT ENERGY CURVE OF

GFRP, FROM [37].




N e e e ——— et

300 mm

120 mm

O

1///:i>>—-Area in grips——4<ii\\\\

250 mm

450 mm

SMALL AND LA

IMENTAL T

FIG 8: EXPER
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FIG 11: TYPICAL C-SCAN OF AN IMPACTED AND DRILLED TEST
SPECIMEN.
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FIG 13: LOCATION OF STRAIN GAUGES ON UNPATCHED AND PATCHED
SPECIMENS.
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FIG 14: PLAN AND SIDE VIEW OF ANTI-BUCKLING RIG.
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FIG 16: PERSPECTIVE VIEW OF ANTI-BUCKLING RIG.
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FIG 19: TYPICAL DAMAGE OF A REPAIRED SPECIMEN.
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