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Repair Concepts for Advanced Composite Structures
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Single scarf joints of a vacuum cocured graphite/epoxy laminate bonded to an autoclave precured laminate
have been fabricated and subjected to an extensive series of structural tests under the following conditions: dry
and wet, tension and compression, cold and hot, static and post-fatigue. Several adaptations of this joint to
other situations were fabricated and tested under selected conditions. An external patch repair was also
developed and tested extensively. Both the scarf joint and the external patch were later used to repair 4-in. diam
holes in flat panels. The size of the damaged area to which either approach is applicable appears to be unlimited.
All results are very encouraging as to the feasibility of sucessful repairs in graphite/epoxy laminates.

Introduction

HE repairability of advanced composite structures has

been considerably advanced in the past two years.
Though new techniques will continually be devised for special
situations, the basic question has been resolved:
graphite/epoxy is a repairable structural material.

Figure 1 expresses the two aspects of repairability which
drive toward high-strength restoration and low cost. Of
course, aircraft downtime and performance degradation
should be evaluated and included in cost considerations.
Strength restoration of 80% of the tension ultimate allowable
(F,,) is generally considered sufficient to cover all but the
most unusual cases. The compression ultimate allowable (F,,)
may be higher than tension but it is rarely used as the critical
design allowable except where F, is degraded, as in the case
of the hot-wet environment.

Earlier efforts to repair advanced composite materials have
generally resorted to an external patch concept. Alternate
layers of titanium foil and film adhesive making a concentric
stepped patch have been used.! Such a repair may be
adequate in a particular case, but it suffers from the high
shear and peel stresses at the edge of the hole. The external
protrusion increases, and the joint efficiency decreases as the
thickness of the laminate and the area of the repair become
larger.

By contrast, the scarf seems particularly well adapted to
advanced composite materials as it was to wood, the original
composite material. However, attempts to utilize this ap-
proach had not met with outstanding success. A boron/epoxy
27-ply multidirectional laminate joined to an equal thickness
(0.135 in.) of 6Al-4V-titanium alloy through a 3 deg scarf
with MB 329 adhesive, developed an ultimate load of about
54% of the laminate allowable strength.2 One would like to
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see a repair joint develop 80% or more of the laminate
allowable to be better suited for permanent repair of primary
composite aircraft components.

These meager results were not encouraging, nor were our
own early attempts at Northrop. Yet the scarf joint with a
cocured patch essentially flush with the outer mold line
(OML) looked promising if it could be understood and op-
timized. With this basic concept, Northrop approached the
Large Area Composite Structure Repair (LACOSR)
program. 34 The Air Force funded the program to answer in a
systematic way the question of what constitutes a safe,
reliable and operationally suitable repair for large area
damage to composite structure. ‘‘Large area’’ is defined as
essentially unlimited in so far as applicability of the repair
techniques is concerned. The program has evaluated the
environmental effects of oil, fuel, paint stripper, and ab-
sorbed moisture; the service conditions of tension and
compression loads, of prior fatigue history and service
temperature; processing variables such as vacuum bag curing
vs autoclave curing, shop machining vs portable equipment
dressing of the damaged area and precured vs cocured
adherends; and finally, a group of inherent features including
the laminate material thickness, stacking order, the structural
form, accessibility, and protrusion limitations.

Basic Considerations
Closed Options
Consider first those inherent features of a repair which are
closed options to a repair team and which were determined
somewhat arbitrarily for the LACOSR program. All parent
laminates discussed here were made from AS/3501-5
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Table 1 AS/3501-5 graphite/epoxy 16-ply
parent-laminate allowables?

Tension Compression
Allowable Allowable
Temp, Loading, Strain, Loading, Strain,
°F Ib/in. uin./in. Ib/in. pin./in.
-65 6210 - 9740 -
RT 6860 11,000 7600 12,000
265 5750 - 4710 -

3Cured at 100 psi/350°F/2 h; laminate stacking [(£45/0/90), ] 5; water
content = 1.0%; “‘B”* basis tension allowables from Ref. 5 are 90% of average
of 20 tests; compression allowables are 80% of average of 3 tests.

graphite/epoxy tape. A 16-ply graphite laminate
[(0/ +£45/90), 1, was chosen as representative of a large class
of laminates which carry both normal loads and shear. The
number of plies was doubled or reduced by half in some cases,
and the stacking order was later changed so that this generic
laminate was considered from many angles. The ultimate
tension and compression fiber-failure allowables are given in
Table 1. Minimum damage size is defined as a 4-in. diam hole
completely through the panel.

Two structural forms were considered: a flat laminate panel
and a flat honeycomb sandwich panel. Eight-ply laminates
(+£45/0/90), were used on the faces so that the sandwich
represents relatively lightly loaded structure. While curved
panels were not repaired, the need to face the problems of
curvature were not ignored. The approach developed here is
quite applicable to curved panels and shapes.

The operational environment and load conditions imposed
on the repair-joint concepts range from —65°F to 265°F
temperature, tension and compression, dry and wet, static
and post-fatigue. ‘“‘Dry”’ refers to the repair assembly. All of
the parent laminates were soaked in 180°F deionized water
until the laminate had absorbed 1% moisture by weight.
“Wet”’ repairs were subsequently moisture conditioned at
180°F and 95% relative humidity for 30 days. The post-
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fatigue test is a determination of residual strength after a two-
lifetime history of fatigue loading using the load spectrum
developed for the F-5F lower inboard wing skin. The ex-
ceedance curve, shown in Fig. 2, represents 1000 hours of
flying with compressive loads deleted. Three specimens of a
given repair were run with the maximum fatigue load at
41.5% of parent laminate allowable and another three at a
maximum fatigue load of 22.9% of parent allowable. The
residual strength reported here is the minimum of these two
results.

Design Options

With the repair job thus defined, what are the options open
to us? It may be well to grow an option tree such as shown in
Fig. 3. Our first choice was the bonded branch, based on the
proposition that the graphite/epoxy is inherently a bonded
structure and bonding to it is really not difficult.

The patch material chosen was AS/3501-6 graphite/epoxy
cured at 15 psi vacuum bag pressure, and 350°F (heated at
3°F/min) for two hours and cooled to 150°F before release of
vacuum pressure. Tensile strength of the patch laminate is
about 84%. of the parent allowable because the patch is
vacuum cured. The patch arrangement is generally the same
as the parent laminate with the addition of a few plies as
necessary in the primary loading directions. Cocured patches
were used to eliminate close tolerance-fit probiems in the scarf
joint.

The adhesive FM-400 (0.07 psf film) was selected to meet
the 265°F service temperature requirement. Rail shear tests on
a seven-ply laminate of the adhesive cured at 15 psi, 350°F, 1
h resulted in room temperature shear strengths of 6640 psi
dry, and 4240 psi wet (immersed in 180°F water for seven
days). Meaningful shear properties are most difficult to
obtain. The cure conditions, adhesive thickness, moisture
content, and test methods all influence the results.
Sophistication of the analysis to which the data is to be ap-
plied also dictate the properties and the strength values to be
used. In the end, pragmatism prevails.

Repair Concepts

The five repair-joint concepts shown in Fig. 4 were
developed for the generic laminate repair. Each of these will
be discussed in detail.
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Fig. 5 Basic cocured 16-ply scarf-joint design.

Bonded Scarf-Joint Flush Repair

A cocured scarf joint in graphite/epoxy composite material
has been developed, capable of restoring nearly the full parent
allowable strength. Several preliminary tests were made to
verify specific points indicated by the analysis as described in
the Appendix.

The first point concerned the scarf taper ratio:
length/thickness. Increasing the taper ratio will improve the
strength but not in proportion to the increase in length. A
taper of 0.10 in. per ply (18/1) was selected, though this is
much lower than has been commonly thought necessary for
wood or advanced composites. Joining the 16-ply generic
parent laminate to a 16-ply patch with the same
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Fig. 6 Results of ply termination tests.
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Fig. 7 Refined scarf-joint design, including serrations.

[(0/ +45/90), ], stacking order as shown in Fig. 5 resulted in
shear failure in the joint at 51% joint efficiency.

The second point concerned the ends of the longest 0-deg
patch ply. What could be done about the high shear stress and
peeling action known to exist at the end of the ply? Special ply
termination tests were run on the 16-ply generic parent
laminate with a 0-deg ply bonded to each surface on each end
but terminating near the center of the specimen. Tension load
was applied. The control specimen with the terminating plies
cut off straight and perpendicular to the longitudinal axis
failed at 77% of the parent allowable by peeling the extra ply
away. Of specimens with several kinds of serrations cut into
the end of the terminating plies, as shown in Fig. 6, all failed
near 100% of the parent allowable and failed in laminate
tension. No peeling occurred on any of nine specimens having
a total of 36 serrated ply ends. A pair of commercial pinking
shears cuts a satisfactory serration 1/8-in. deep.

The third point concerned the end of the parent laminate.
Shop people must be instructed to scarf the laminate all the
way to the inner surface. The edge may look a bit ragged and
they are inclined to trim it off. However, if this inner surface
ply is a O-deg ply (i.e., aligned with the load) this ply needs to
be scarfed more than the others. In order that this inner
surface 0-deg ply should be unloaded through two surfaces
rather than one, a small serrated patch ply was applied as
shown in Fig. 7. The outer surface patch ply was also ex-
tended slightly and serrated as shown. By adding this small
amount of material and serrating the ply ends, the joint ef-
ficiency was raised to 70% and the mode of failure changed to
patch-laminate tension.

Having resolved the details of the splice, the repair itself
can now be considered. The generic parent laminate is
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Fig. 9 Double-scarf flush repair.

assumed to be loaded in shear as well as longitudinal tension
and compresson. Therefore, one ply was added in each of
three directions (0, +45 and —45) on both sides of the
laminate as shown in Fig. 8. This joint developed 97% joint
efficiency (RT dry tension) and consistently failed in parent-
laminate tension. This is a very satisfactory repair concept.

An earlier version involved essentially the same splice but
did not continue the six added plies to the end of the
specimen. These failed in repair-laminate tension with joint
efficiencies of 83% at room temperature dry, 80% at —65°F
dry, and 87% at room temperature dry with prior fatigue
history. Tests on these latter conditions were not repeated
with the improved design. Rather, the results obtained were
scaled by the ratio of 97/83 making an estimated joint ef-
ficiency of 93% at —65°F and 101% with prior fatigue
history as shown in Fig. 8. The same specimen was tested at
265°F where failures were parent-laminate tension at 110% of
the 265°F tension allowable.

The stacking order of the generic parent laminate was
changed to [(+45/0/90),], because this was thought to be
more typical of evolving aircraft practice. The patch was
changed accordingly to keep the replacement plies in the same
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order, but otherwise the repair remained essentially un-
changed from the design of Fig. 8. The test results, completed
with this stacking order, are shown in Fig. 8 for tension and
compression, dry and wet, ~65°F, RT and 265°F, static and
post-fatigue residual strength testing. Apparently, neither
moisture, cold and hot temperatures, nor prior fatigue history
significantly degrade the structural efficiency of the single
scarf joint.

Double Scarf-Joint Flush Repair

The double scarf joint permits a shorter joint length and
less parent material removed than a single scarf. Using the
same 18/1 taper ratio, the design for a 32-ply generic laminate
repair was patterned after the single scarf joint. Three plies
(+45/0) were added on both surfaces and the two longest 0-
deg plies on either side were serrated. Tension and com-
pression specimens and the results of room temperature dry
tests are shown in Fig. 9. The results are satisfactory to
demonstrate the validity of this approach though additional
patch material appears required for full strength restoration.

Blind-Side Bonded Scarf Repair

The difficulties involved in repairing a panel with access
from one side only are obvious; the solutions are not. The
substantial improvement (37%) achieved by even a small
patch bonded to the inside surface (Fig. 7 cf. Fig. 5) could not
be ignored. The design presented here evolved out of
numerous considerations, not the least of which were: 1) how
to locate the inside patch, and 2) how to effect a good bond.

A precured AS/3501-6 laminate (+45/0), was chosen for
the inside patch for the following reasons: 1) no new bonding
materials or logistics are involved, 2) tapering the patch is
made easy by cutting the plies to the proper size and serrating
the edge where necessary, and 3) forming the patch to a
compound curvature, if necessary, can be done without ex-
pensive tools, using the outer surface of the part to make a
mold. The laminate stacking order is symmetric and continues
to be so even as internal plies are terminated.

Locating the internal patch could require some ingenuity.
With access limited to orily the external surface, the patch
must be installed through the damage cutout. A long narrow
hole offers the easy solution of rotating the panel into place;
however, through a circular hole, bending the thin panel to
insert it could be considered. The six-ply panel can be
elastically bent to a 2-in. radius of curvature without damage.
Once in place, the panel is held against the blind-side (inner)
surface of the panel while holes are drilled through both
pieces from the outside and Clecos are instalied.

The splice detail in Fig. 10 shows the blind-side panel
bonded to the inner surface. The drill template remained in
place during this bonding cycle to provide support to the
Clecos beyond the edge of the parent laminate and through
the scarfed area. The holes must be filled after removal of the
Clecos to prevent vacuum leaks during the secondary cocuring
of the flush patch. The cocured part of the repair, consisting
of (£45/0) plies plus replacement plies, is bonded in the
second cure with vacuum pressure, bagged on the outside
surface only. )

Results of the blind-side repair tests at various tem-
peratures, moisture, and load conditions are given in Fig. 10.
The lowest joint efficiency shown is 84% and, in general, the
results indicate that the blind-side repair can be made every bit
as good as one with access to both sides if the blind-side patch
can be adequately bonded via techniques like those demon-
strated here.

Blind-Side Sandwich Repair

The approach to honeycomb sandwich repair taken hereis a
scarf joint on both inner and outer eight-ply faces as shown in
Fig. 11. The inner face is repaired first, following much the
same procedure as used for a blind-side monolithic laminate



724 S.H.MYHRE AND C. E. BECK

ATCH: ASI3S1-6 (rasio) + [l0/2as/90),) g

CONCURED AT 15 PSI

J. AIRCRAFT

PARENT:
AS/3501-5 [(0/£45/90)] ¢

PRECURED AT 100 PSI
(+45/0)g WITH FM 400

PRECURED [ 260 {
AT15PS) I PLY NO. 1

+
¢ ; - -
¢! | & . & | FM 400
- S 160 )i s
§ =0.098 DIA CLECO HOLE )
S = SERRATE END OF PLY Fig. 10 Blind-side single-scarf flush repair.
TENSION COMPRESSION
100 === —— —~—— |——————
g
=t
2 -
= .
u_J -
2 sof-
i
-~
- +
2
S -
3 L.
]
5 RT 265 RT
FAT DENOTES PARENT
DENDTES PARENT
@ 1%, ASSY @ 140F /95% RH
@ 1%, PATCH DRY % FON 30 DAVS
[ 45/01248) + (+45/0/30)g] COCURED
C T
— 1)
H/C CORE REP
W/C CORE /C CORE REPLACED L]
1/8-5066-3.1 PCF
! ? ? (+45/0/+45) e
(+45/0/30)g COCURED
} : : FM 400
PARENT AS/3501-5 Fma00” — > =
(+45/0/90)g ¢ | ‘q (+45/0/+45)
JOINT-LENGTH 2.70; PRECURED Fig. 11 Blind-side sandwich repair
¢ = 0.070 DIA CLECO HOLES S/aﬁflfAsRF 1.60
- ALL PATCH MATERIAL A -6 CURED AT 15 PSI
S = SERRATE END OF PLY ADHESIVE: FM 400
TENSION COMPRESSION
150
g [ |
z f []
=
O jpopm—- f—————— ——— | ——  —— e — - ——— ——
o o
o +
rd
w -
E -
g wpF
L
L
0
65 RT 265 AT 265 RT
DENOTES PARENT @ 19 FAT. NOTES PARENT @ 1%, ASSY FAT:
%, 4 DE E b,
PATCH DRY Z_ @ 140F/95% RH FOR 30 DAYS

just discussed. The blind-side patch is a five-ply symmetric
precured laminate, Cleco bonded with FM-400 adhesive to the
blind-side surface of the inner face sheet. The open-side patch
consists of two parts: the replacement plies are cocured
against the scarf surface, and the extra open-side plies are a
five-ply symmetric precured laminate. The entire patch is
bonded in place with FM-400 adhesive. Pressure for cocuring
the patch is applied by installing the replacement core as a
temporary plug and bagging over this core to make the
vacuum seal against the outside surface. After this bond cycle,
the core is removed for inspection of the inner face repair,
then reinserted to bond the core to the inner skin and make the
foam-bond core splice. The core is then sanded flush with the

inside surface of the outer face. The patch for the outer face is
entirely cocured, consisting of replacement plies against the
scarf and a five-ply supplement outside the original moldline.
Because no repair material can be placed against the inner
surface of the outer face, the scarf was made at 0.20 in. per
ply instead of the slope used with the single-scarf laminates.
All 0-deg ply ends were serrated to alleviate the higher shear
stresses in the bondline at these terminations.

The complete test results on the blind-side sandwich repairs
are given in Fig. 11. The lower of the tension and compression
allowables was used to determine joint efficiency since both
faces are loaded equally in opposite sense. The results show
essentially full allowable strength restoration in every case



OCTOBER 1979

tested. Multiple failure modes were common, indicating that
the repair is well matched to the parent-laminate capability,
where failures generally occurred.

Bonded External Patch Repair

The no-scarf external patch option offers some advantage
of simplicity. The damaged area is removed, leaving a straight
hole. A graphite patch is precured to a surface representing
the outer moldline, then bonded to the damaged surface. Such
a patch, being eccentric to the skin, must be designed for the
bending induced by this eccentricity. The bending strains are
surprisingly high. Additional plies required for the bending
increase the eccentricity, but the problem does converge.

The real problem is the peeling and high shear stress on the
bondline at the edge of the hole. The peeling problem was
attacked empirically since it is not amenable to analysis. Six
configurations were investigated, five of which involved some
simple treatment at the edge of the hole. Three configurations
and the test results are given in Fig. 12. Small blind rivets at
1.0-in. spacing make a significant improvement by resisting
the peel force. The glass fabric and FM-400 adhesive filling
the undercut make another improvement by relieving the
shear stress peak. Observing the specimen as load is increased
reveals no indication that the rivets resist shear until after the
bond has failed.

To stabilize the specimen for compression loading, the
repaired laminate was assembled into a honeycomb sandwich
beam. This specimen form was then used for all subsequent
tests in tension as well as compression. The beam assembly
prevents local rotation of the laminate and the resulting
peeling. This raised the joint efficiency from 78% to 93% for
room temperature dry tension. Complete results of these four-
point beam tests of the external patch repair are shown in Fig.
13. With the change in specimen form, the mode and location
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Fig. 12 External patch concepts.
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Fig. 13 External patch joint.
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of failure also changed from peeling at the edge of the parent
laminate to a failure at the edge of the patch. Special treat-
ment was also given at the edge of the patch by increasing the
step length and serrating the end of the first three 0-deg plies.
Having these three 0-deg plies on the surface appears now to
be detrimental to the repair in this area. The compression
failures appeared consistently at the end of the second longest
ply of the patch. The effect of the longest ply joggling over the
end of the second longest ply will be seen more dramatically in
the larger panels to be discussed below.

Repairs of Panels With 4-In. Diameter Holes

With the validation of several repair-joint concepts via the
uniaxial testing just discussed, it remains to substantiate the
extension of these concepts, to three-dimensional, real world
applications. To some extent, this was accomplished for the
scarf-joint flush repair and the external patch repair using the
16-ply 12-in. X 48-in. panels of Fig. 14. Each panel was
loaded as a four-point beam. Both repairs are direct ap-
plications of the joints previously evaluated.

Four panels with the scarf-joint flush repair were con-
structed, three being scarfed with preliminary router cuts and
finished with a sanding disk as shown in Fig. 15. The fourth
was prepared with a milling machine with the intent of
determining the sensitivity of repair strength to the method of
making the scarf. This panel and two others were loaded with
the repair in tension, resulting in 109% joint efficiency. All
failed in parent-laminate tension as shown in Fig. 16. No
improvement was gained by the milling machine scarfing. The
one panel tested with the scarf repair in compression achieved
92% of the parent-laminate ultimate compression allowable,
failing in patch compression and peel. No indication of early
incipient failure was evident in any of the scarf-joint flush
repairs. These results are presented in Fig. 17 in comparison
with results from the panels repaired with an external patch.
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Fig. 15 Scarfing the 4-in. diam hole.
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Fig. 16 Typical tension failure of scarf-joint repair panel.
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Ten panels, each with a 4-in. diam hole were repaired with
an external patch designed for longitudinal loading only. The
results shown in Fig. 17 are seen to be lower than the
corresponding results on the scarf-joint flush repair and are
also considerably lower than the corresponding results on 1-
in. wide beams. No sign of incipient failure was evident in.any
of the tension panels. However, those panels with the repair in
compression showed considerable incipient failure beginning
at 25% of the parent ultimate compression allowable. Figure
18 shows incipient failure at 35% of the parent allowable.
Failure begins where the surface ply (0-deg) joggles over the
next longest ply. While this joggle is only a 0.0055-in. step, it
is nevertheless seen to have had a significant effect on the
ability of the ply to resist failure. Once a local failure occurs,
it grows and is joined by others as load is increased, until the
entire patch is peeled off. Concern over fatigue loading would
appear justified where the maximum compression loads
would be high enough to cause such incipient failure.
However, spectrum compression fatigue loading to a
maximum of 37% of the parent compression allowable
resulted in no incipient failure. After fatigue loading, in-
cipient failure began during residual strength testing at 45%
of the parent compression allowable. It appears that a stress-
relieving mechanism takes place under fatigue loads which
suppresses the incipient failure.

Remaining Work and Conclusions
The remaining tasks of the LACOSR program include a
series of tests on a partially damaged 50-ply graphite laminate
and a 64-ply hybrid laminate. A box beam, large enough for
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Fig. 18 Incipient failure developing at 35% of parent allowable
compression.

19-in. X 60-in. uniformly loaded test panels, was used to test
the large scale demonstration components. Five different test
panels were constructed representing low- and high-load
components, sandwich and plate construction, on aircraft and
off, partial damage and through damage in areas to 100
square inches. The program was completed in February 1979,

The work has demonstrated that graphite/epoxy structures,
designed in a variety of forms and for a wide range of load
intensities, can effectively be repaired to their original
strength. Repair concepts have been validated through the
required environmental and load condition tests. Repairs in
flat panels have been successfully demonstrated. Procedures
used have proven to be not only structurally sound, but also
relatively easy to implement.

Appendix: Load Transfer Analysis

An elementary analysis based on the assumption that the
load in each adherend is proportional to the relative adherend
stiffness is found to be entirely satisfactory when applied at
each ply of the adherends. While this procedure does not
account for shear lag in the adhesive, it does account for the
heterogeneous nature of the laminate and gives a satisfactory
description of the shear distribution along the entire splice.

The procedure is illustrated in Fig. Al for a flush scarf joint
of identical 16-ply [(0/+45/90),], laminates. The stiffness
distribution on both laminates is given on the small bar chart
to the left of the sketch. The values are a function of the
laminate ply distribution and the lamina elastic properties.
They can be found from the lamina stress SIGX printout of
the SQS program of Ref. 6. By assigning the thickness per ply
the value of unity, the relative Et values of each adherend are
determined by accumulating the relative E values at each
station as thickness is increased by one ply per station in-
crement. Knowing the (relative) £r of each adherend, the total
ET is found and the relative load in one adherend determined
from the assumption that the load in -each adherend is
proportional to the adherend Et.”

The difference in the load fraction at two adjacent stations
is the average relative shear (RS) loading for the increment,
ie.,

(RS)i,i~1 = (L/T)i_ (L/T)i—l

where
L;=left Ef of station i

T;=total Et of station i
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Fig. Al Shear distribution analysis for scarf-joint with identical
[0/ +45/90), ] ; adherends.

The relative shear diagram (Fig. A1) gives some insight into
the load-transfer mechanics. No claim is made for precision
since shear lag is neglected, but the general nonuniformity is
rationally determined. The higher shears exist on those steps
where the 0-deg ply of the thinner adherend is bonded.

The strength of the splice is inversely proportional to the
maximum relative shear, i.e.,

Py, r=Fg, (AX) /MRS

simple analysis is to quickly draw attention to such problem
areas. Innovative remedial action is possible if we understand
where the problem is.

The scarf joint in Fig. Al is flush on both surfaces, hence,
0.2 in. shorter than the length of the scarf. Consider the effect
of increasing the overlap of the two adherends. The maximum
relative shear is reduced as shown in Fig. A2.

Another approach to reducing the maximum relative shear
is to add a 0O-deg ply on both surfaces over the splice and
extending a short distance beyond as shown in Fig. A3a. Both
added plies should terminate at the same station. The
maximum relative shear of 0.1226 at the end of the added ply
results from assuming again a 0.1-in. increment to transfer
the load. The next largest relative shear is 0.1156 in Fig. A3a.
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If the basic lap is increased to 1.7 in. together with the added
plies as in Fig. A3b, the MRS =0.1226 remains unchanged but
the next largest relative shear is reduced to 0.0958. To reduce
the maximum value, the extended lap length is increased to
2.1 in. and the ends of the added plies serrated as shown in
Fig. A3c. Serrating can be done easily with pinking shears.
With 0.1-in.-deep serrations and again assuming 0.1 in. to
load any fiber, the relative shear at the longest ply end is
reduced by nearly half. The maximum relative shear now
becomes 0.0958 as seen in Fig. A3c. The precise effect of the
serration is beside the point here, if in fact the relative shear at
the ply end is reduced below the 0.0958 level, which now
defines the shear strength of the splice. Tests have indeed
shown that serrating the end of the long plies substantially
improves the strength of a splice.

The effect of hot wet conditions should be considered
carefully because several changes are effected. The matrix-
dominated elastic properties (E, and G,,) are greatly reduced
at 265°F wet conditions. The resulting relative E values for
the (0/+45/90) laminate at 265°F wet are (73/13/13/1),
respectively (more heterogeneous than for room temperature
dry). Shear analysis for the joint of Fig. A3c using these
values results in a maximum relative shear of 0.1022. This 7%
increase in the MRS weakens the joint in addition to the
thermochemical effects reducing the strength of the adhesive.

If a shear flow is to be transferred across the joint, the
analysis is similar. The essential difference is that lamina
shear stiffnesses must be used rather than extensional stiff-
nesses. A pair of plies at +45 are about six times as stiff in
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shear as a 0/90-deg pair. The relative G values are arranged in
the stacking order and the Gf of each adherend determined.
The splice of Fig. A3c analyzed for shear flow resulted in a
maximum relative shear in two areas. As before, this fraction
of shear flow g is transferred in the increment length Ax.
Hence:

quir=Fs, (Ax) /MRS
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