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ABSTRACT

This report contains a study of joints made from fiber composite
materials. Several types of joints are considered, such as bolted
and adhesive joints.

Elements for a rational joint design are presented, as well as test
results. A finite element computer program, used to obtain stress
distributions in composite joints, is included.
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PERTAINING TO BOLTED JOINTS:
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bolt hole radius and through-depth
axial and transverse applied forces
external radius at bolt section
wrap thickness at bolt section

tangential, radial and shear stress components

denotes ultimate values

PERTAINING TO BONDED LAP JOINTS:
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maximum allowable error
adherend modulus

adhesive shear modulus at zero strain
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lap length
applied or reaction load

ultimate force and adhesive shear strain
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shear strain and longitudinal strain

adhesive normal and shear stresses

denote increments or corrections

xii



()"0

C PP
Rl 60Dy,

Doyl s

( )OY':( )’LY'

PERTAINING TO FINITE

LIST OF SYMBOLS (CONT,)

primes denote second and first derivative with respect
to x

denote initial and improved estimated values

denote values at x = 0, x =4/2, and x = 4

denote incremented values

ELEMENTS :

; a,b,c
{a}{e]}
[cl,[c']
E,G,v
[K],[K']
4,m

RisRysRy

[T]

)T T3

o

subscripts denoting vertices of the basic triangle
triangle displacement coefficient and strain vectors
material local and transformed stiffness matrixes
material tensile and shear modulus, poisson's ratio
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strain energy function
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TECHNICAL DISCUSSION

BOLTED JOINTS: GENERAL CONSIDERATIONS

In this section, the fundamental problems of the design of bolted joints
in composite materials (particularly, glass-epoxy) are considered.

A bolted joint, Figure 1, must withstand, in general, an axial force P
and a transverse force Q . Other forces, out of tiie plane, can exist,
but in most cases their magnitudes are negligible in comparison with P

and Q .

Figure 1. General Bolted Joint.

Because of its construction, the fiber orientation in a bolted joint is
practically confined to the one shown in Figure 1. Fibers through
cross-section A are continuous, while those through cross-section B

are discontinuous due to the presence of the bolt hole. When the axial
load P 1is tensile, as shown in Figure 1, the fibers A act in tension,
but the fibers B, near the hole, are nearly free of stresses. Because of
this stress difference, a shear stress is developed along the fiber
direction starting at the point M . When the load P 1is increased, the
shear stress at M produces the failure of the matrix of the composite.
A crack is propagated, as shown in Figure 2, simultaneously with increas-
ing P . Test results indicate that the magnitude of P sufficient to
initiate the shear crack at M 1is only one-fourth to one~fifth of the
value that produces the final failure. Once the shear crack is completely
developed, the joint behaves as a simple loop joint for tensile load P ,
with the darkened fibers of Figure 3 in tension and the central region
practically free of stresses.

If the joint of Figure 3 is unloaded and then reloaded up to the previous
load level, no further changes in the stress distribution are observed.
Thus, the shear crack has no further effect on the behavior of the joint
once it is developed. 1In fact, the location of the shear crack can be
controlled if the fibers A are not bonded to the fibers B during the
fabrication process.



Figure 2. Shear Crack in Bolted Joint
After First Loading in Tension,

Shear Crack

XJ
4,
///"::';'{0[0;. %
/I:.":'nf':’tf':":’t' O
20,7

Figure 3.

Joint in Tension After the Propagation
of the Shear Crack,



1f the tension load P 1is increased after the propagation of the shear
crack, a final failure of the joint will appear in the neighborhcod of
the point N (Figure 3)., The stresses at the point N are as shown in
Figure 4: (a tangential tensile stress ce acting along the fiber direction

Fiber Orientation

Figure 4, Stresses at the Points N (See Figure 3).

and a radial compressive stress I perpendicular to the fiber direction).
Because the stresses ce and o, act simultaneously, the failure of the
joint is actually produced by combination of the effects of each stress.
If the radius a of the hole is large in comparison with t (see Figure 5),
the stress ce is much larger than O, In this case, the failure mode of

Figure 5. Nomenclature for the Bolted Joint.
the joint is a tensile failure of the fibers, as represented in Figure 6.

Failure




If, on the other hand, the radius a is much smaller than t , the
radial stress ¢, is greater than og and the typical failure of the
joint is as indicated in Figure 7. 1In this case,

Failure

Figure 7. Typical Failure of a Joint With a<< t.

the failure is produced essentially by the compressive radial stress g *
Only the region near the bolt is affected by this type of failure.

From the previous description it should be evident that, with fixed
external radius b and joint thickness h , the tensile failure load P
and the failure mode will depend upon the t/a ratio, Then, P will
achieve a maximum for some optimum t/a ratio. By performing several
tests on glass-epoxy bolted joints, it was determined that this optimum
ratio is unity., A description of the specimens and the test tresults are
given in the next section of this report.

Now, let us consider when the axial load P is compressive. Even for
relatively small values of P, the failure mode depicted in Figure 8 was
observed. This failure is due to a wedging effect produced by the bolt,

Failure

Figure 8. Failure Under Compressive Loading.



breaking the composite in the direction perpendicular to the fibers. 1In
order to avoid this type of premature failure in compression, a specially

shaped bushing as represented in Figure 9, can be used.

Bushing

Figure 9. Joint With Special Bushing for Compressive Loading.

When the compressive load P is applied and its magnitude increased, a
shear crack is initiated in the points M (see Figure 9) because of the
stress difference between the compressed fibers of the central region,
shown in the figure, and the practically stress-free fibers surrounding
the bushing. After the completion of this shear crack (Figure 9). the
fibers of the central region behave as simple compression members. The
shape of the contact surface between the bushing and the compressed
composite avoids any wedging effect that would tend to separate the fibers.
This bushing design has proven, in compression tests, to be very effect-
ive. 1In fact, the compression ultimate loading in joints with this type
of bushing is always greater than the ultimate tension load.

It must be pointed out that the radius a is the external radius of the
bushing, when the tension design is employed.

The shear force Q 1is, in most cases, only a fraction of P . The joint
design previously described has an ultimate shear force Q of about one-
tenth of the ultimate P in tension. In special cases when Q 1is, for
example,one half of P , either the joint design must be changed or the
load transmission must be performed in another manner to avoid such high
shear forces.

The ultimate tensile load of a joint with a ratio t/a = 1 has been found
to correspond with the following expression:

Pult T Cult ol )

where h i3 the joint thickness.



This formula is in good agreement with the test results., It should be
emphasized that it is generally impossible to predict the ultimate load
of a composite joint from a stress analysis based upon a linear behavior
of the material. Such analysis must be used only as a guide to optimize
the proportion of the dimensions.

The expression (1) can be interpreted as if a concentration factor of 2
is applied to uniformly distributed stress 9 in the tangential direction

while ignoring the radial stress g (See Figure 10)

-

) v T —

P/2 g

P » '
— { I | h

Figure 10. Joint Design Cunfiguration After First Tensile Load.

In some cases, the design of the bolted joint is based upon not only
ultimate loads but also maximum deflection. For a joint designed accord-

ing to the expression (1) (t/a = 1), the hole elongation for glass-epoxy
joints is found to be about a/2 in the instant previous to failure. For

other load values, the deflection can be reasonably estimated by assuming
a linear load-deflection curve.



RESULTS OF TESTS ON BOLTED JOINTS: OPTIMUM t/a RAT10

A series of tests were performed to determine the optimum t/a ratio. The
bolted joint configuration used for this purpose is shown in Figure 11,

(A1l Dimensions in Inches) 0.6
R 1.0
-J-.

Figure 11. Joint Configuration,

The test results are summarized in Table I. From the values in this table,
the ultimate failure load is plotted as a function of t/a in Figure 12. As
this fighre indicates, the optimum t/a ratio is approximately unity.

> -y



TABLE I

TENSILE TESTS

RADIUS a ULTIMATE FAILURE AVERAGE OF ULTIMATE
SPECIMEN INCHES RATIO t/a  LOAD 10° LB FAILURE LOAD 10° LB
1 0.375 1.67 38.6
2 0.375 1.67 39.3 38.8
3 0.375 1.67 38.4
4 437 1.29 43.5 45.1
5 0.437 1.29 46.7
6 0.500 1.00 54.2
7 500 1.00 55 54.3
8 0.500 1.00 53
e e e e e e e e e e - ]
9 0.563 0.78 52.7
10 563 .78 53.4 53.1
11 0.625 60 50.8
12 625 .60 49.7 50.1
13 0.625 0.60 49.9
P 10-3 T T T T
1bf (A1l Dimensions in Inches)
60
40 hd
Maximum Load at
t/la = 1
20
t/a
0 5 1.0 1.5 2.0

Figure 12. Ultimate Load as Function of t/a.



MULTIPLE -BOLTED JOINT

Many structures require the use of multiple-bolted joints, rather than
joints for only one bolt, With the multiple joint, the force transmission
occurs over a more extended region, thus avoiding the load concentration
on a reduced area which occurs with the simple joint. However, in general,
the specific strength of the simple joint is greater than that of the
multiple joint when composite materials are employed.

The design of multiple; joints is completely analogous to that of simple
joints. All the considerations given in the first section of this report
are applicable to these joints. The total tensile or compressive load
must be divided in equal parts between the simple component joints, each
of which can then be individually treated as the simple joint of the
previous sections.

Figure 13 shows the multiple joint, fabricated and tested. For the fabrica-
tion of this joint, the joint of Figure 14 was made using the winding guide
of Figure 15 and the press-mold of Figure 16, After molding, this joint was
cut into three parts and bonded, as indicated in Figure 13, to obtain the
multiple joint., The simple tape layers, with fibers oriented perpendicular
to the loading direction, have no principal structural function, but they
assist the bonding by holding the parts together. Multiple joints fabri-
cated by this procedure are shown in Figure 18.

The fabricated multiple joints were tested in tension, using the attach-
ments shown in Figure 19, Figure 20 shows the multiple joint mounted in
the test machine. Two specimens were tested in tension. The uvltimate
failure loads were 23,800 and 24,800 1b, respectively. Figures 21 and 22
illustrate the failure mode. )

The failure load for this type of joint is estimated using the expression
(1), obtaininug

Pu1t = 180,000 x 0.1 x 0.25 x 6 = 27,000 1b,
where Sue = 180,000 psi is assumed for the glass-epuxy composite and a
perfect uniformity in the load distribution is assumed for each bolt. It
must be noted that, for these joints, the t/a ratio is 0.5 instead of the
optimum t/a = 1., These dimensions were adopted for construction reasonms.
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Multiple Joint, Final Configuration,

Figure 13,
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1

(All Dimensions in Inches)

¢ 3/16
/

3/8

~1.0 ,3/8
—

o

1.0

ﬁ}_

|
I
'//o 1.0
| I AR
I e
| 3.0 1
-
|
i =
|
| i N
| o =1

Figure 15. Winding Guide for Multiple Joint Fabrication.
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(A1l Dimensions in Inches)

2.0
gt e
wny
~t
R 0.3
Ta}
~
M
/‘\/\

QUANTITY:

2

Figure 16. Press-Mold for Multiple Joint Fabrication.
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Figure 17. Multiple Joints.

Figure 18. Multiple Joint, Detail of the Inserts.
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(All Dimensions in Inches)

\e

PIN 3/16, LENGTH 2.5, STEEL SAE 1050

QUANTITY: 14

Figure 19, Multiple Joint, Test Device.
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Figure 20, Tension Testing of a Multiple Joint.

Figure 21. Tested Multiple Joint.
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Figure 22. Tested Multiple Joint.
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IN-PIANE BOLTED JOINT

This section considers a joint with the bolt in the loading plane.

The configuration of this joint is shown in Figure 23, where only half

of the fabricated joint is represented. Figures 24 and 25 are drawings of
the winding device and the press-mold, respectively, utilized in the fab-
rication of the specimens.

Two different failure modes can be expected in this joint. Because the
t/a ratio is only 0.333, a fiber failure of the type shown in Figure 6 is
one of the possible modes of failure. Another is the transverse failure
shown in Figure 26, where a debonding of the wound part occurs along line
AB. The debonding is due to the tensile stresses acting perpendicularly
to the loading direction. The stress analysis of the joint shows that
this stress o, acting across AB is only

i}

e
%h T 43

]
where g, is the tangential stress at CD., Thus, if o, reaches the value
U

]

180,000 psi, o, is about 4,200 psi. Since the transverse tensile stress is

smaller than the failure stress of the unidirectional composite in trans-
verse tension, this joint would be expected to fail at CD rather than across
AB. However, the failure occurred at AB in both joints tested. This can
be explained if the degradation of the composite tensile strength in the
fiber direction is considered. High tensile stresses in the fiber direction
produce micro-cracks in the matrix., These cracks result in high stress
concentrations in the material. Then, a crack propagation phenomenon is
initiated along AB, and the failure mode will be that indicated in Figure

26, even when o is, as an average stress (without considering the stress
concentrations produced by the micromechanical cracks), very small,

Figure 27 shows the joint mounted in the testing machine for a tension test.
Note the attachment used in the testing. Two joints were tested, both

failing along AB (Tigure 26) at loads of 22,000 and 24,800 1lb., respectively.
Figures 28 and 29 show a tested specimen.

18



(All Dimensions in Inches)
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0.70 , 0.85
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BUSHING

(Structural Aluminum)
E INSERT

(Laminated Composite)

TENSILE

o ELEMENTS

o | (Wound Fiber
1 : Glass)

1.4

Figure 23. In-Plane Bolted Joint, General Configuration.
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(All Dimensions in Inches)

1.6
_———————————————ilip
¢3/8
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0.4 =
LT
SR .
|
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o
¢1/2
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MATERIAL: ALUMINUM 1.4
- - e "
3/16 3/16

This distance is fixed by the bushings

Figure 24, In-Plane Bolted Joint, Winding Device.
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(Ali Dimensions in Inches)
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MATERIAL: ALUMINUM

QUANTITY: 2

Figure 25. In-Plane Bolted Joint, Press-Mold.
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Figure 26, Failure Mode.
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Figure 27. In-Plane Bolted Joint Mounted in the Testing Machine.

Figure 28. In-Plane Bolted Joint After Testing.

23



-

Figure 29.

In-Plane Bolted Joint After Testing.
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OFF-PLANE BOLTED JOINT

In this type of joint, the axis of the bolt is not on the plane of loading.
This joint differs from the joints previously considered, in that it in-
cludes an adhesive surface which has a structural function to perform.

The off-plane joint is depicted in Figures 30, 31 and 32. In the fab-
rication of this type of joint, the winding guide of Figure 33 and the
press-mold of Figure 34 were used. The fabricated specimens are shown in
Figure 35,

Figure 36 shows the specimen mounted in the testing machine for a tension
test. Figure 37 is the drawing of the attachment used for the testing.

Two specimens were tested, and failure loads of 2640 and 2915 1b., respec-
tively, were obtained. The failure mode is shown in Figures 38 and 39.
This failure mode is surprising, since shear failure along the entire ad-
hesive layer (Figure 40) was expected. Instead, the failure occurs in a
region of small tensile stress acting perpendicular to the plane of the
adhesive. The failure shown in Figures 38 and 39 does not occur in the
adhesive; rather, it is a transverse-tensile failure in the composite.

This failure can be interpreted using the arguments of the previous sec-
tion; that is, it is relatad to the crack propagation phenomenon associated
with the appearance of micro-cracks in the matrix.

From analysis of this joint and the analysis stated in the previous section,
the following conclusion can be made: in joint design using composite
materials, it is necessary to eliminate all regions in which the unidirec-
tional composite is under transverse tensile stresses, Failure occurs even
for very small values of these stresses, because of this crack propagation
phenomenon,
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Figure 31. Off-Plane Joint, Parts.
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Off-Plane Joint, Winding Guide.
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Figure 34, Off-Plane Joint, Press-Mold.
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Figure 35. Off-Plane Joint Specimens.

Figure 36. Off-Plane Joint Specimen Mounted for Testing.
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Figure 37, Off-Plane Joint, Attachment for Testing.
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Figure 40. Adhesive Layers.
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ORTHOGONAL JOTNT

This type of joint, shown in Figure 41, is used to introduce small forces
into a wall, It facilitates the application of handles or other devices.
The drawing of the fabricated joints is shown in Figure 42, while Figure 43
shows the unidirectional composite ring from which parts of the joint are
obtained. Figure 44 is the winding device utilized to fabricate the ring
of Figure 43.

Wall

Adhesive layers

Figure 41. Orthogonal Joint.

Figure 45 shows three fabricated specimens. Four specimens were tested in
the manner shown in Figure 46. Figure 47 is the drawing of the test sup-
port used in this test. The failure loads were 1845 and 1970 1b., respec-
tively, in the first two specimens; while in the other two, failure loads
of 2975 and 3005 1b., respectively, were obtained. The only difference
between the two sets of specimens was the adhesive specification: for the
first two, Narmco 227 adhesive was used; for the other two specimens, an
epoxy-polyamide adhesive was used. The results obtained in the testing of
the last two can be considered satisfactory. Figure 48 shows bonding fail-
ure in the first two specimens. Figure 49 shows the failure of a specimen
fabricated with the epoxy-polyamide adhesive. In this case, the adhesive
bond is improved and the failure occurs in the composite itself, as well as
in the adhesive layer.
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Figure 42, Orthogonal Joint, General Configuration
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Figure 44. Orthogonal Joint, Winding Device.
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Figure 45. Orthogonal Joint Specimens.

Figure 46,

Orthogonal Joint Mounted in the Testing Machine,
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Figure 48. Orthogonal Joint With Narmco 227 Adhesive
Af ter Testing.

-

Figure 49, Orthogonal Joint With Epoxy-Polyamide
Adhesive After Testing.

41




LAP JOINT

The lap joint is one of the most important types of joints, especially in
structures of composite materials, where the use of rivets and bolts is not
advisable,

The correct design of lap joints requires an understanding of the mechanism
for load transfer from one part to the other through the adhesive. The

shear stress distribution was analyzed in References 1 through 4 under the
assumption of linear, perfectly elastic behavior of both adhesive and
adherent, This study shows that the shear stress concentration is very

high for the joint dimensions usually required by the technical applications.
On the other hand, most of the adhesives in common use exhibit 2 nonlinear
stress-strain relationship, and may sustain considerable strain before fail-
ure. The behavior of the adhesive can still be considered perfectly elastic,
in the sense that no residual deformation remains after the unloading, even
from stress levels approaching the failure stress. A typical stress-strain
curve for an adhesive is shown in Figure 50. A convenient analytical expres-
sion for such curve is:

(A1l Dimensions in Inches)

L)

arc tg {kT{"Go}

y

Tigure 50. Typical Stress-Strain Curve for the Adhesive.
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Figure 51. Lap Joint General Nomclature.
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r -74(1-;‘“), (2)

whereTL and k are constant. The initial shear modulus Go is

6, -(%)Y T (3)

Let us consider the lap joint shown in Figure 51. Applying the equilibrium
condition to the section depicted in Figure 52,

dx

pr— —
Pg Py+dPy

Figure 52. Infinitesimal Element.

the following equations are obtained:

dp,
T =3~ » B+Py = P = constant (4)

1

The shear deformation in the adhesive is
(=== (5)

whereul and u, are displacements of the two adherends.

2

Differentiating v of equation (5) with respect to x, the following relation
is obtained,

d
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Assuming Houvke's law to be valid in the adherend,

P, Py
“UEn TR @
equation (6) can be rephrased
3} P, dy
T b e (8)
B4 Et adx

Differentiating (8) with respect to x and applying equations (4), we find

1 1 1 S#y P d 1
T = 3 12[( + )(t—x+—'a-(—»
e LA
dy P d 1 1
<—'€.E> a(ﬁ* ‘E)] *

If, in particular, t; and t; are constant, this equation becomes the familiar
expression for the double straight-lap joint:

t
() = ——— :z;’ (10)
nE TR O

Finally, introducing the definition (2), a2 nonlinear differential equation
in y is obtained:

EY L, (1_e-kY) b5 tE (i1)

dx®

Equation (l1) is a nonlinear differential equation of the form

y" = f(y)

and will be integrated numerically, .he boundary conditions are

Piloximo = O5ifft) - B2 F
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or, from equations (4) and (8),

R

Therefore, the problem of finding the shear stress distribution in a lap
joint with nonlinear adhesive requires the solution of the differential
equation (11) with the boundary conditions (12),

The function that solves the differential equation (11) has the form shown

in Figure 53. The values y(; and Y4: of the derivatives at the ends are known
(equations (12)), but the values Y, and \7 are not. This problem must be

solved using a trial-and-error method.

'
Let us assume certain initial values yé}; apnA Y{,/(';) for the function vy and
its derivative in x = {-'. Applying the Runge-Kutta formulas to equations

2
(11), the strains and their derivatives are found at the ends; i.e.,

(1) (1) &) Y'(l) 1 '

Ye/2 2 Vi 2 Runge-Kutta _ v ", ¥, R (13)

(All Dimensions in Inches)

Y

"L

Yei :
0 L %

Figure 53. vy as Func*ion of x,

] 1
Incrementing the values of Y{f]/.; and YL;;) by Ayé% and AY{S;’ respectively,

the effects of these increments on the end values can be determined:
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(L) () (1) _ (1) (1) (1) "(1)
Y, /2 + Ay L/Z ' Yy /2 Runge-Kutta ’YO'Y y Yoy {«Y , {'Y
(14)
(1) "(1) "(1) - (1) (1) () '(1)
Y2 0 Va2t B0 Runge-RULE o Yoy * Yoy' * Yoyt Yoy

With the results of equations (13) and (14), the following pa  tial deriva-
tives zan be computed approximately:

t '1 11 J |1
Y, .Yoi()-yo() 3y, .-YQ;I) Y()

Yy /2 B T ¥y &Y '2

(15)
' "(1) (1) "(1) (1)
B, L Wty TV aYL eyt Y

?w,c /2 8, /2 B‘YL s AYL /2

On the other hand, the increments of the end values y(; and y{: are related
to the increments of the starting values by the relations
Y’ d',
oy =——— by, ;, + —r— bY,

o 2Ny
L M oo
iy ot e
Y112 e /2
By taking
' ' ' ! ' 1 1
vy Py By -y D ey, © (17)
) o
and combining with equations (16), we have
' '
ayo oY o ’(1)
B, et By = Yo' ™ Yo
(18)
' '
dy aY ' ' '
1 2 1)
R LA I R
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Once the partial derivatives are computed using equations (15), the system
(18) can be solved for the increments AYL/Z and AYé/z. With these values,

the improved starting values can be obtained:

2) _ (1) '(2) _ (1) '
Yerz=Yei2 ¥ By, Vet *Np

2 !
and the process is repeated. New increments Ayé/; and AYL;g) are adopted,

the partial derivatives (15) are computed and the system (18) is solved for
1

AYL/Z and AYL/Z'
satisfaction of the boundary conditions is smaller than some value €, The

function T(x) is then obtained by substitution of y(x) into equation (2).

The process is considered complete when the error in the

Figure 54 shows the stress diagrams corresponding to a lap joint with ¢ =
t,=0.0625 in., ta-0.004, £=1,0 in. The adhesive stress-strain relationship
is

r(y) = 5000 (1-e">®Y) psi,

which corresponds to an initial modulus

(6),,.o~k] =0.18 x 10° fpsii.

From inspection of the curves, it can be noted that the stress concentra-
tions at the ends decrease when the load is increased., This is due to the
non-linear behavior of the adhesive,

The ultimate load of the joint can be evaluated if a design ultimate distor-
tion Yult of the adhesive is specified. For example, for Y ™ 0.04, the

ultimate load would be P ¥ 1000 1b.

1t

Figure 55 shows the stress diagrams corresponding to a joint with a double
thickness of adhesive (ta = 0,008 in.). It can be observed that the stress
concentrations are decreased below those for the single-thickness adhesive,

Figures 56 and 57 show the stress diagrams corresponding to two lap-joint
combinations. In both, one adherent is a glass-epoxy composite while the
other is either aluminum or steel. In these cases, the stress diagrams are

not symmetric with respect to x = %.

Four lap-joint specimens were fabricated and tested. Figure 58 shows these
joints, Figure 59 shows one of them after testing. Table II indicates the
test results:
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Figure 54,

X, inches

Effect of Bond-Line Thickness t, on Adhesive
Shear Stress Distributions, t, = 0.004 inch,
Ey = E5 = 10 x 10° psi, t; = t; = 0.0625 inch,
24 = 1.0 inch, T, = 5,000 psi, k = 36.
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Figure 55. Effect of Bond-Line Thickness t, on Adhesive
Shear Stress Disté:ibutions, t, = 0.008 inch,
Ey = Eg = 10 x 100 psi, t; = tg 0.0625 inch,
L= 1.0 inch, Ty = 5,000 psi, k = 36,
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Figure 56. Effect of Doubler Modulus E; on Adhesive

Shear Stress Distributions, E, = 10 x 10°
psi (Aluminum), E3 = 7 x 10° psi, t1 = tg
= 0.0625 inch, t, = 0.004 inch, {=1.0
inch, Ty = 5,000 psi, k = 36,
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Effect of Doubler Modulus E; on Adhesive
Shear Stress Distributions, E; = 30 x 10
psi (Steel) E; = 7 x 10° psi, t5 = tg =
0.0625 inch, t, = 0.004 inch, 4 = 1.0 inch,
T, = 5,000 psi, k = 36,
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Figure 58. Titanium-Boron/Epoxy Straight-Lap
Joints. Configurations Completed.

Figure 59. Failure in Straight-Lap Titanium-
Titanium Joint,
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TABLE 11

ADHESIVE LAP-JOINT TEST RESULTS

——— |

Specimen Failure Load Average Failure Stress
(1b) (psi)
1 5010 5010
2 5435 5435
3 5780 5780
4 095 4095
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PHOTOELASTIC TEST KESULTS

In order to evaluate stress concentrations in bolted joints, photoeiastic
models were prepared and tested. Figures 60a through 60h show the isnchro-
matic lines and the isoclines (0°, 15°, 30°, 45°, 60°, 75°, 90°) obtained
in a bolted joint under tension, It can be observed from the position of
the isoclines that the polar shear stress Tre is very small, This result

is coincident with that obtained through finite-element analysis.

Figures 61 and 62 gshow the isochromatic lines in a transparent isotropic
model and in the corresponding orthogonal joint made from compcsite material.
In the latter, it is possible to observe the adhesive bond lines.
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Figure 60a. Photoelastic Model of a Bolted Joint
Loaded in Tension; Isochromatics.

Figure 60b. Photoelastic Model of a Bolted Joint
Loaded in Tension; 0° Isoclines.
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Figure 60c. Photoelastic Model of a Bolted Joint
Loaded in Tension; 15° Isoclines.

Figure 60d. Photoelastic Model of a Bolted Joint
Loaded in Tension; 30° Isoclines.
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Figure 60e. Photoelastic Model of a Bolted Joint
Loaded in Tension; 45° Isoclines.

Figure 60f. Photoelastic Model of a Bolted Joint
Loaded in Tension; 60° Isoclines.
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Figure 60g. Photoelastic Model of a Bolted Joint
Loaded in Tension; 75° Isoclines.

Figure 60h. Photoelastic Model ot a Bolted Joint
Loaded in Tension; 90° Isoclines.
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Figure 61, Orthogonal Joint Loaded in Tension;
Transparent Model.

Figure 62, Orthogonal Joint Loaded in Tensionj;
Composite Material (Coated).
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FINITE-ELEMENT METHOD FOR STRESS ANALYSIS OF JOINTS IN ANISOTROPIC MATERIALS

In a previous study, a computer program for the stress analysis of aniso-
tropic joints was presented. The displacement field in a triangular element
was assumed linear, or, equivalently, the stress field was assumed constant.

In order to improve the accuracy of the results, a new program was developed,
based on the assumption of quadratic displacements functions. These
functions permit linear variation of stresses along each element, In this
way it is possible to calculate the stress at a node of the triangular net
simply by averaging the stresses corresponding to each triangle whose vertex
is at the node. This operation is performed automatically by the program.
The accuracy of the stresses obtained by this averaging process is highly
satisfactory, even on the boundaries. Figure 63 represents the basic
triangular element referred to the local axis §, 7.

d

C v

=g, :
Figure 63. Basic Triangular Element.

The coordinates of the middle points g, B, y are obtained from

E + 8. - My, + M,
ga" 2 ’ T]a- 2

Se i, T + 1, (19)
=Tz BTz

€+ &y My + Ty
gy.-_—i_—_ ’ ;'-__E——-

Thus,only the vertex coordinates need be introduced as inputs.

The displacement field in the triangular element is assumed to be given
by the quadratic functions

u=a + 338 + a3 + 3,8° + a0 + 31"
(20)
Ve 3 + 8B+ ag T+ 8, 8% a,, M a2, 1
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where a, through a;, are constants.

Let's introduce the vectors {6} and {a} by the expressions

{6} = {ua ub u, ua uB uY Vo Yy vc va vB vY
(21)
{a} = {al a, a3 a, ag ag a, ag ag a,, a 312}

Through use of equation (20), a relationship between { 6} and {al» can be
written:

{5; = [A] {a} (22)
with
1 0 0 0 0 0
2 2
[A*] [0] 1 & zzc €N T’E
[A] = ; [A*] = 1 4l g (23)
[01 fa%] 1 g n & en 1
‘ B B E BB Tlg
BV v

From equations (22) and (23), the coefficients a, are determined immediately:

-1
- - [a*] © [0]
fa} = wrt{e} .t - (24)
[0] [A*]
The strains in the element are:
du v du  Jv

€ ' €

x.-BE y-ﬁ’yxy-ﬁ*'i

or, taking into account equations (20),
ex- a, + 2 a4§ + aST]
e 89+ 2af + a0 (25)
Yoo fg i Sk 2 agllie Ak 2E B+ a0 T)
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For an anisotropic material, the stress-strain relationship is expressed as:

= €
Tx Cllex + ch y + CIBny

o-y= (‘12€x + szey + C23ny (26)

T.=Coal 4 C.S 4C

Xy 33 xy 13 x 23€y

The strain energy for the element, using equations (25) and (26), becomes:

ﬂ 11 +-u4§+aq +l4da45+2aan+4a qu)

2

+ 2C (azag + a, 58 1{ + Zu T] + 2a439§ + 2a4a115

a ET]+aaT|+aa

2
+ 48,8, 521151 + 233,51 )

+ 2013(a2a3 + a,af + 2a.a T] + ajag + 2a,a, 8 + 2,2,
2
+ 2a,3,E + 2a,a 8" + 4aa kT +a,af + 4a4a10§ (27)

2 2
+ 2a4a11§ﬂ + a3a5T] + ang] + 2a5 61| +az T] + 2a alogT]

+ agay,fl )

2 2 .2 2.2
+ 26y, (ag+ 2y &+ bapy” + 2252, € + daga) )T + 4aga),8M)

+ 2C23(a13a9 + a agg + 2a6a9T] + a8a9 + 2a alO: + agalln +a3allz

2 2 2
+ aga £ + 2a.a,. 8N + aga,,8 + 2a,452,,8 + a,) £

581

+ 2a alzn + Zasalzg'ﬂ + /+a5 12“ + 2a8a12T] + AaloaleT]

?)
+ 2ayya5,]
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