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CHAPTER T

INTTODUCTION

Although the use of unidirectional lamina in the construction
of multidirectional laminates provides the designer with a unique
ability to tailor the in-plane strength and stiffness of the laminate,
the out-of-plane properties are difficult to adjust and are severely
limited by the properties of the matrix phase. The low strength and
stiffness in the matrix dominated laminate directions poses a signifi-
cant problem for the designer and often necessitates the use of mechan-
ically fastened joints in situations where out-of-plane load carrying
members are required. Unfortunately, such joints require penetration
through the original laminate. These penetrations significantly re-
duce the load carrying capacity of the laminate and may also result in
more rapid deterioration of laminate properties when the structure is
subjected to a harsh environment. For these reasons, the need for in-
vestigation of out-of-plane joints utilizing no mechanical fasteners is
of great importance. Typical requirements for such a joint are high
strength, ease of fabrication, reduced number of parts, low weight, and

environmental stability.

The objective of the research recorded in this report was to

quantitatively evaluate the influence of local joint geometry on the

properties of a typical out-of-plane joint. Laminates and dimensions




e

have been chosen to match those used by Gillespie and Pipes [1] and

model the prototype spar-wingskin joint in the General Dynamics F-16
aircraft. All joint geometries were analyzed by finite element methods
with theoretical predictions validated through comparison to experi-

mental data.




CHAPTER 11

JOINT GEOMETRY AND LOADING

2.1 General Joint Description

All joint concepts investigated consisted of a 24 ply, [(135)6]
spar which overlapped, 12 plies on each side of the centerline, and was
co-cured perpendicular to a 56 ply [(:}&5/902)(0/1_145/0)6]s wingskin lam-
inate with the enclosed void filled by an adhesive. All laminates were
fabricated of graphite-epoxy material (Hercules, Inc., AS3501-6) with
Reliable Manufacturing, Inc. Reliabond 398 used as the adhesive for the
insert at the base of the spar. The 0° ply direction is taken parallel
to the spar in the plane of the laminate and, for all included figures,

lies normal to the joint cross-section.

All joint concepts investigated can be termed '"no-insert". This
implies that a suitable epoxy, as opposed to a metallic insert, has been
used to fill the void created at the base of the spar between the over-

lap and the wingskin. The use of an epoxy filler provides the following

advantages:

® Raw material is relatively inexpensive

® Insert is easy to manufacture (machine or extrude)

® Insert requires no extensive surface preparation




® Insert is thermally compatible with the graphite-epoxy mate-

rial system

2.2 Specific Joint Concepts

Five joint concepts were chosen for investigation and are shown
schematically in figures 1 through 5. Concept "A" (Figure 1) employed a
0.64 cm (0.25 in) radius at the base of the spar and provided the lower
bound for geometries having a smooth, radial transition from the verti-
cal spar to the horizontal wingskin. Concept "B" (Figure 2) was chosen
as the upper bound for radial geometries and employed a 1.27 cm (0.50 in)
fillet radius. The third concept, "C", shown in Figure 3, was con-
structed using an insert of equilateral triangular cross-section and an
apex angle of 90°. The height of the triangle was 1.27 cm (0.50 in) and
the base was 2.54 cm (1.00 in) in length. This concept differed from
concept "B" in that the radius of curvature of the overlap from the apex
of the insert to the overlap-wingskin contact point was greatly increased
while maintaining approximately the same distances from overlap-wingskin
contact point to overlap-wingskin contact point. Both the fourth con-
cept, "D", (Figure 4) and concept "C" utilized straight overlap sections
of approximately equal lengths in joining the spar to the wingskin. How-
ever, concept "D" possessed a height-to-base ratio of 2.4 compared to a
value of 0.5 for concept "C". The final configuration, concept "E"
(Figure 5), had no insert and employed a 90° angle at the junction be-

tween the spar and the overlap. Although this concept could not be fab-

ricated, it was evaluated analytically. Concept "E" differed from the
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radial joint geometries in that it provided a geometry of zero radius at

it

the base of the spar; and, it differed from the triangular geometries by
modeling two triangular inserts of height-to-base ratios equal to zero
and infinity, respectively. All four concepts investigated possessed

an overlap length of 3.66 cm (l.44 in) from the centerline to the end of i

the overlap.

2.3 Reduction of Multispar Configuration

In order to determine the loading conditions for an individual
joint, "it was necessary to reduce the multispar wingbox configuration to
a single joint with appropriate boundary conditions. The wingbox was
modeled as ten cells in length with spars placed at 20.3 cm (8.0 in) in-
tervals. As shown in Appendix A, the lower wingskin was isolated and
modeled as an indeterminate beam, of uniform cross-secticon, simply sup-
ported at each spar-wingskin joint. The beam was forced through zero ]
displacement at each support and zero moment end conditions were applied.
A constant pressure load was applied between supports with load variation
between adjacent cells permitted. Using singularity functions, pressure,
shear, moment and displacement diagrams for several load cases were con-
? structed. Although the case of a uniformly loaded beam will be utilized
here, the graphs provided in Appendix A can be applied to a wide array of

loading conditions.

For the case of a uniformly loaded beam, points of zero moment
were identified at a distance of 4.3 cm (1.7 in) to each side of the

centerline of the spar (spar-to-spar distance was 20.3 cm (8.0 in)). The

- 10 =




of two simple supports appli
sitioned symmetrically about
through the spar (see Figure 6).
simple supports was chosen
preceding section, the span length

distance between points of zero moment

wingbox. Span lengths analyzed were 9.1

and 25.4 cm (10.0 in) which correspond

21.5 €8.8), 35.9 (Iu.1}), 47.8 (18.8) and 59.8
was chosen to be identical

es [1] and is representative

type wing whi the other three sp provide

investigation.
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CHAPTER IIE

FINITE ELEMENT MODELING

3.1 Finite Element Method

: The theoretical evaluation of each concept was accomplished

through the use of a linear-elastic finite element analysis. The finite
element computer program utilized was the structural analysis program,
SAP V [2]. A two-dimensional, four-node, quadrilateral element with
orthotropic material properties was employed; and, a plane stress anal-
ysis was chosen in order to decouple the in-plane displacements and
stresses due to wing flexural and torsional loads from the same due to
internal pressure loads. The intrinsic bandwidth minimization routine

was utilized to reduce solution time and computer costs.

3.2 Development of Finite Element Mesh

As a result of the symmetry of the joint, it was possible to

model one half of the structure, as shown in Figure 7. The conditions
of symmetry were enforced by fixing all horizontal displacements along
the left side of the model or centerline of the joint, and fixing all
vertical displacements at the top of the spar. Loading conditions for

a given span length were modeled by applying downward point-loads on the

top surface of the wingskin at a distance of half the span length from

- 13 «
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the spar centerline.

The wingskin, common to all concepts, was modeled as a multi-
layered laminate consisting of seven sublaminates as illustrated in
Figure 7. An eighth sublaminate was used to model the spar, and the ad-
hesive insert was modeled as an isotropic material. Determination of
material properties for all sublaminates and the insert is contained in

Appendix B.

Complete finite element meshes for each joint concept, shown in
Figures 8 through 12, consisted of approximately 1100 nodes and 900 ele-

ments. Specific node and element totals are given as follows:

Concept A 1076 Nodes 931 Elements
Concept B 1167 Nodes 1035 Elements
Concept C 1227 Nodes 1094 Elements
Concept D 1167 Nodes 1030 Elements
Concept E 1029 Nodes 879 Elements

Using a single ply thickness of 0.013 cm (0.005 in), obtained from fabri-

cated specimen measurements, each row of elements represented a minimum - |
of four and a maximum of sixteen plies. Four ply thickness was used for

regions in the immediate vicinity of the spar and overlap and sixteen

ply thickness was allowed near the midplane of the wingskin at the right

end of the mesh. Surfaces of the wingskin were modeled using elements of

smaller height as compared to elements near the laminate midplane in

order to more accurately represent the flexural stiffness of the wing-

skin. As can be seen in the mesh enlargements, triangular elements were

- 15 -
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used only to refine the mesh and an element aspect ratio of approxi-

mately 1.25 was maintained for all elements in the immediate vicinity
of the spar and overlap. The finite element mesh of the insert for
concept "D" (Figure 11) was developed to allow for the possible inclu-
sion of a triangular cross-section tube having a wall consisting of mul-

tiples of four plies with variable properties allowed for each set of

four plies.
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CHAPTER IV

ANALYTICAL AND EXPERIMENTAL STIFFNESS RESULTS

) 4.1 Load, Strain and Stiffness

The first means for correlation of finite element and experi-
mental results was accomplished by comparison of predicted and actual
load-strain response. Load-strain response not only provides an ade-
quate means of data comparison, it also represents a significant param-
eter for consideration by the designer when determining local joint
geometry and maximum allowable spar spacing. For this comparison, load
is defined as the load per unit specimer width applied at the top of the
spar and strain as the compressive strain on the bottom surface of the
wingskin at half-span, directly opposite the spar (strain gage 2 in
Figure 6). It follows that modulus or apparent stiffness is defined as

the slope of the load-strain curve.

4,2 Load-Strain Response

Plots of experimental and predicted load-strain response were
made for concepts "A", "B", "C" and "D" over all spans and are supplied
in Figures 13 through 28. Lxperimental load-strain responses were ob-

tained directly from the test results after dividing the test loads by

the sample width. Each figure represents from one to three test speci-
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mens with many of the recorded data points omitted for clarity. Sampl

[HITHES

numbers indicate processing cycle and are referenced in table 15. Since

the finite element analysis yielded only stress and displacement resultc,

it was necessary to employ the orthotropic stress-strain relationship to

determine the strain at the bottom surface of the wingskin. Once the
finite element prediction of half-span strain was determined, the pre-

dicted load-strain response was superimposed over the experimental re-

sults for comparison. Examining Figures 13 through 28, the correlation

between analytical and experimental results may be considered excellent.
For all joint concepts and spans, experimental results showed excellent

reproducibility, and finite element predictions generally exceeded ob-

served stiffnesses. Concepts "C" and "D" demonstrated some non-linearity

while "A" and "B" remained linear almost until failure. Due to the lin-

ear-elastic finite element modeling, any non-linear experimental results

were not predicted.

4.3 Modulus-Span Results

Apparent stiffness or modulus (defined in section 4.1) provides

a quantitative measure of the joint stiffness. The experimental value

of this property was determined by performing a linear regression anal-

ysis on the initial portion of the load-strain response for all samples

tested of a given concept at a single span. Since the finite element

prediction of load-strain response was linear, the apparent stiffness

could be obtained directly from strain calculations. Modulus versus span

results for all concepts, shown in Figures 29 through 33, further illus-

trate the excellent correlation between experimental and analytical re-
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sults for all span lengths. All numerical results are provided in Tal
1. Finite element predictions were conservative for all concepts, ex-

cept "D" for which predictions exceeded test data by a maximum of 12%.

A first approximation to the modulus-span relationship can be ob-
tained by examining classical beam theory. For a uniform beam of length
2L , thickness 2h , simply supported and subjected to a normal load,

F,at x =1L (see Figure 34), beam theory predicts

M = moment = F(x-L) - g-x

F 3 E 3 F L2
y = deflection = gff'(x’L) - ¥t EET X
where EI = Flexural Rigidity

The strain at the bottom surface of the beam for x = L is

£ = s o v tady
|x=L EI

Evaluating the moment at x = L and substituting into equation (1)

e 1% FLh
x=L 25
L -~
= K'F (2)
where
o LEl
e,

is a constant for a given beam. Clearly, equation (2) represents the

- B5 =




Table 1: Summary of Modulus versus Span Results
MODUDLDUS
Concept Span Fin. El. Exper.
inches 1031b/in 1031b/in
A 3.6 105 110
A 6.0 61 71
A 8.0 46 46
f A 10.0 36 35
B 3.6 127 140
B 6.0 73 83
B 8.0 53 55
B 10.0 42 47
C 3.6 184 202
€ 6.0 104 104
(& 8.0 76 T3
€ 1050 60 56
D 3.6 141 138
D 6.0 80 75
D 8.0 59 52
D 10.0 47 41
E 3.6 85 — |
E 6.0 50 =
E 8.0 38 —
E 10.0 30 =

Figure 34: Model of Simply Supported Beam
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load-strain response and the quantity K/L represents the apparent stiff-

ness or modulus. Applying this result to the determination of the spar-
wingskin modulus, "K" can be calculated from a single experimental test
or finite element solution and the complete modulus-span response can,

in turn, be determined. Table 2 lists "K" wvalues for each concept and
span as determined by both experimental and finite element data. Varia-
tions in "K" wvalues for a given span are due to the assumption of uni-
form cross-section and constant flexural rigidity made in the beam theory
solution. Nevertheless, the maximum K variation over span for the fi-
nite element results is 10% and reaches 23% for the eXperimental results.
Agreement is considerably better for the concepts having a small insert

("A" and "E") and accuracy decreases as span length decreases.

When experimental modulus-span data for concepts "A" through "D

is plotted on a single graph (Figure 35), several trends can be noted.

Concept "C" exhibits the greatest stiffness. This can be attributed to
the increased moment of inertia over an extended range near the hase of
the spar exhibited by this concept. Although concept "B" has a similar
length, high inertia range, the value of the apparent moment of inertia
is significantly greater for concept "C". Consequently, concept "B" ex-
hibits a lower stiffness. Concept "D" falls slightly below "B" and the
lowest stiffness is exhibited by concept "A" which has the smallest ap-
parent moment of inertia over the shortest range. Referring to the mod-
ulus equation from beam theory where modulus equals KX/L , as span in-

creases the length of the span, 2L , becomes the dominate term and the

effects of local, joint configurations are insignificant. Similarly,

I




Concept k=21 [10°1b] (ETxhpeeorrle“‘tei“Ctaall)
3.6" span 6.0" span 8.0" span |[10.0" span
A 396 426 368 350
(378) (366) (368) (360)
N 504 498 440 470
(457) (438) (424) (420)
c 727 624 584 560
(662) (624) (608) (600)
D 497 450 416 410
(508) (480) (472) (470)
- (306) (300) (304) (300)
Table 2: K Values
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when predicted modulus-span responses for concepts "A" through "E" are
plotted on a single graph (Figure 36), the same trends can be noted for
the predicted results, however, the relative positions of the response
curves for concepts '"B" and "D" have been exchanged. Also the predicted
response of concept "E" is included and, as expected, falls well below

all other response curves.

4.4 Modulus-Joint Fillet Radius Results

Examining the effect of joint radius on apparent stiffness for a
given span length indicates that the relationship is linear, as shown in

Figures 37 through 40. Assuming a linear equation of the form

where M modulus or apparent stiffness

r joint radius

an equation for stiffness as a function of modulus can be obtained.

Utilizing trial and error to determine the relationship between Cl s G,

and span length, S , the following approximation can be found:

02
M= (2 &y (3)
S L2
S
where M = modulus in 103 1b/in
8 = span length in inches
r = 7joint fillet radius in inches

The maximum error between equation (3) and the finite element stiffness




Span Length, L (cm) i

10 20 30 t
|| | 1 1 1 l
j 7400 - §‘
B Concept o ;
e 200F e 1B :
= \ e B z
Qa . —e )
n" \ ..... 0 o
o : S § |
N m |
- w
m 0
[72] | o=
Q -
c —_
E 1200 5
7p) IOO" o
=
= )
q’ —
L - c ¢
o a j
a - Q |
a B <
<«
0 LN i L ] 0
4 8 12

Span Length, L (in)

'igure 36: TFinite Element Prediction of the Influence of Geometry
and Span on Modulus




e

(s?your g'¢ = yaBue uedsg)
SNTNPO[ UO SNTPEY JUTOL JO SdUSNTIUT  :/g sandt g

(Ul) snipoy juiop

90 vo 20 0
0 J T : 0
v e
©
M 40¢
o uoljdipeid juswa|3 ajluly —
.Uu OO0l 040Q |DjudW43dX3 O
w
.t.u... s 408
p= |
®
(7]
w
= oozf ¥
(" -~40¢
=
~N
(2]
3 1 O
h. 1 1 Ow
Gl o'l S0 o)

(w2) snipoy jurop

(ul/ql Ol) ssaujjys jussoddy




(WI/N Ol) sseujjus jusaioddy

(s9your Q0*9 = !

SNTNPOY UO SNIPPY JUTO[

{+£

-

1ot
ua

aouat

(ut) snipoy julop

:8€ 2anBTg

b0 0 0
o) ’ | o)
uol So—— -
- 1101p8Jd juswa|3 9jiulyg ©
DIbQ |Djuswiiadx3 O .M
®
-
08 |- 7]
O =2
=y
a®
. &
o =
OC.
o o
o
09l 2
L ) i
Sl ol S0 ik

(wd) snipoy juiop




(seyour (0°8 = YjldusT uedg)

SNINPOK UO SNTIpEY JUTOQ JO BVUSNTIUT :6g 2anB1g

(ui) snipoy juiop

90 v0 20
0 T T
4
R o) 02 F
S UoI}OIpBId fudwWa |3 84Iuld T
w pjoQ |Djudswiliedx3 O
@ oY r
S
(4]
wn
2 09}
o
(7]
P
S 08
3
O
OO0 ItL | L
Sl o'l GO

(wd) snipoy juiop

02

ov

09

(Ul7ql Ol) SS8UILNUS jusioddy




(seyour Q°'CT = yiBus u )
SNTNPON UO SNTPEY IUTO[ JO BOUSNTIN :0h 2an3

(u1) snipoy jutop

90 b0 e, g
0 _ : @
Y >
he °
o UONOIPeJd juBWe|3 84luly — ®
m DiDQ |DjudwWIIEdX] O 402 =
w
s -3
= S
= H
& (7]
w
o " o=
o
m 4o+ _“
=3
Z o8} o =
O
g 7
.ll_l 1 - | 09
o) ol G0
* (Wwd) snipoy juiop




prediction is 1% for all span and radius values investigated. Compar-

ing equation (3) to experimental data, a maximum error of approximately

15% is obtained.

4.5 Modulus--Insert Height to Base Ratio Result

As stated in section 2.2, concepts "C" and "D" employed triangu-
lar cross-section inserts having the same length from the apex to the
base angle but having height-to-base ratios of 0.5 and 2.4, respectively.
The inclusion of concept "E" provides two additional cases employing
triangles having height-to-base ratios of zero and infinity. Examining
the effect of this ratio on apparent stiffness (Figures 41 through 44) an
optimum apex angle can be determined. For a triangular insert having a
hypoteneuse approximately 1.85 cm (0.73 in) in length, the finite ele-

-to-

o+

ment data predicts that maximum stiffness is achieved when a heigh
base ratio of approximately 0.5 is employed. This ratio alsc corresponds
to that néeded in order to maximize the area of an isosceles triangle
having a constant hypoteneuse. As noted in previous sections, all ex-

perimental results fall within 10% of finite element predictions.
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CHAPTER V

ANALYTICAL AND EXPERIMENTAL FAILURE RESULTS

5.1 Criteria for Failure

The second measure of concept evaluation and methodology com-
parison was the ultimate strength of the joint. Failure load for the
experimental analysis was chosen as the maximum load achieved before
catastrophic failure occurred; and therefore, did not necessarily rep-
resent the load at initial failure or crack propagation. Failure load
for the finite element analysis was predicted by three different fail-
ure criteria. Elements in the vicinity of the joint, exclusive of the
isotropic insert, were evaluated by both the Tsai-Wu and maximum stress
failure criteria. The isotropic insert was analyzed using the maximum
shear failure criterion, All three criteria employed assumed that ulti-

mate failure and initial failure were simultaneous.

Ultimate strength allowables for individual sublaminates were
obtained from the Air Force '"Advanced Composite Design Guide" [3]. Ref-
erence was made for a high-strength graphite-epoxy composite and all
strength values utilized are shown in Table 3. Interlaminar strengths
were assumed to be equal to the transverse strengths of a unidirectional

laminate. The isotropic shear strength of the adhesive used for the in-

sert was that recommended by Gillespie and Pipes [1] and is also sup-
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plied in Table 3.

5.2 Tsai-Wu Failure Criterion

where F.
1

and

as follows:

and F..
1)

of the equation exceeds 1.0).

stress, equation (4) reduces

(1.5

material strength properties:

n i 1 s
T i (i=1,2.3) Fi
b X
i e
4
= (a=1,2,3) o
X x° i
i
gy Tas (1,5%1,2,000,5,6)

to:

2% N SpeH

are failure tensors which

"

Failure is predicted when equation (4) is satisfied (the left-hand

Applying this criterion for a state

The Tsai-Wu failure criterion is a multiaxial failure analysis
which utilizes all stress components in a single quadratic expression.

For the lamina coordinate system, it is expressed in tensor notation

ai55456) (4)

are functions of the

_i.- J; (i=H,5,6)
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) and X; . XE , Si are supplied in Table 3. This quadratic expression 1

can be solved to obtain the factor of safety, N , where

~ bt b2 - lhac i

; N = 53 (6)

i and ;

; i

‘ _ _ Failure Load 8

t N = Factor of Safety = Applied Load ;
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Inputting the stress components o. , 0, , resulting from a single p

1 2 Y93

point load at the top of the spar, the resulting factor of safety, N

=z
»

is equal to the predicted failure load.

5.3 Maximum Stress Failure Criterion

The second failure criterion used to evaluate the graphite-epoxy
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i
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sublaminates was maximum stress. This criterion predicts failure when
any one of the stress components reaches or exceeds the corresponding
material strength. For the lamina coordinate system, failure is pre-

dicted when at least one of the following three equations is satisfied,

g, > Xo (5.>0) (i=1,2,3)

e~ i
o .

= &, > X, (c.<0) fi=0 3.2

) i
Ici[ 2 S, (i=4,5,6)
where XE = maximum normal tensile stress
X; = maximum normal compressive stress
Si = maximum shear stress

Similar to the Tsai-Wu analysis, the predicted failure load can be ob-
tained as the minimum ratio of the maximum material strength to the cor-

responding stress component due to a point load applied at the top of

the spar or
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failure load

where N

0, = stress due to applied point load

and ultimate load is the minimum N wvalue obtained.

S.4 Maximum Shear Failure Criterion

Utilized only for the prediction of insert or adhesive failure,
the maximum shear criterion requires that yielding of the insert mate-
rial initiates failure. Therefore, failure was assumed to occur when

the following equation was satisfied

Ftu

& , .adh pSu

23 = adh

max
S . ¢ s
where Fadr = ultimate adhesive tensile strength

su : ‘

adh - ultimate adhesive shear strength

Obtaining o, , o0, and o

3 23 from the finite element analysis,

A
pa

o .
23 was defined as
max

The predicted failure load, N , was detevmined from

su
S
adh
& 7
23
max




where

Iog resulted from the application of a point load on the tog
max
of the spar.

A value of 12.0 MPa (1.75 ksi) was used for the ultimate adhe-
sive shear strength as recommended by Gillespie and Pipes [1]. Although
this shear strength yielded predicted failure loads which agreed quali-
tatively with observed crack initiation loads, it provided a poor pre-
diction of the ultimate load for a given concept. However, utilizing a

shear strength two times the above value, good quantitative predictions

of joint ultimate load can be obtained.

5.5 Ultimate Load--Span Results

The predicted failure load for all three failure criteria and
the average experimental results are plotted ver<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>