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FOREWORD

This effort was initiated by the Structural Concepts
Branch, Structures and Dynamics Division, Flight Dynamics
Laboratory, Air Force Wright Aeronautical Laboratories,
under Project No. 2401, Task No.240103, and Work Unit No.
24010321, "Analytical Technique Development for Advanced
USAF Aircraft," but a major portion of this study was con-
ducted under Work Unit No. 24010338, "Preliminary Design of
Military Aircraft Structures."

The experimental work was performed by the Structures
Test Branch, Structures and Dynamics Division, Flight
Dynamics Laboratory. Messrs H.D. Stalnaker and J.V. Smith
were the Test Engineers. The Instrumentation and Data Ac-
quisition Engineers were Mr R.C. Taylar and Mr J.E. Pappas.
The data was processed by Mrs Artie Vahldiek and Mr B.F.
Davis.

The specimens were fabricated by the Composites Concepts
Group of the Structural Concepts Branch with Mr E.E. Zink as

the lead technician.
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SECTION I

INTRODUCTION

Off-axis specimens normally are fabricated from
unidirectional composite materials. In the specimens, the
fibers are oriented at an angle to the specimen axis (Figure
1).* When loaded uniaxially (ox¢0,oy=1xy=0), the specimen
develops normal and shear stresses (o;,, o, and 1,,) with
respect to the material axes 1 and 2. Available experi-
mental data confirms the assumption made in mechanics of
composite materials that the unidirectional lamina is
orthotropic, i.e. the stresses ¢; and o, produce g; and e,
strains and the stress t;, generates vy,;, strain, respect-
ively. This uncoupling of normal and shear responses with
respect to the material axes presents a possibility of the
off~axis specimen being used to study the behavior of com-—
posite laminates subjected to biaxial stresses.

The simplistic and attractive concept of the specimen
changes when we consider methods of load introduction. The
introduction of tensile loads into the specimens requires
that the specimens with or without tabs be gripped in the
loading machine. The use of standard non-rotating grips
causes the axial stress 9 to become non-uniform in the area
between grips or tabs if provided. Various techniques have

been suggested and used with some success to remedy this

*Figures and Tables are located on pgs 34-.147.



undesirable situation. These techniques are discussed in
chronological order in the following paragraphs.

Tsai (References 1 thru 3) used off-axis specimens to
experimentally verify a strength theory based upon strength
parameters obtained in simple (single load) tests. Ideally
this secimen should have uniform axial stress Oy » However,
he observed that specimens of uniform cross section tended
to fail in the region under the grips of the specimen. To
ensure failure in the test section, Tsai reduced the
specimen cross-section in 'dog-bone' fashion. Lauraitis
(Reference 4), to correlate the experimental data and the
analytical results based upon fracture mechanics and Tsai
criterion, reduced the test section using a continuous large
radius of curvature but for the same reasons as Tsai.

Effects of restraints caused by clamping devices were
investigated by Pagano and Halpin (Reference 5). Using a
simple analytical model, they showed that end constraints
indeed introduced in-plane bending effects (See Figure 1b)
in the specimens. The presence of in-plane bending stresses
introduces non-uniformity of normal stresses. This
analytical observation was supported by qualitative experi-
mental data obtained by testing specimens of nylon-
reinforced rubber. Moreover, they concluded that long
off-axis specimens could be used to obtain initial elastic
moduli but not strength data. For strength data, specimen
end-gripping techniques would require modification to

generate uniform stress states between grips.



Rizzo (Reference 6) used the finite element method to
determine the influence of rigid clamping with and without
end rotation on the distribution of stresses. He observed
that a marked improvement in the uniformity of stress dis-
tribution occurred when rotation of end-grips was permitted.
He further observed that for long specimens (length/width
ratio exceeding ten) the stress field at the center of the
specimens was unaffected by the end-clamping arrangements.

Wu and Thomas (Reference 7) designed a fixture which
permitted end rotations about axes normal to the specimen
planform. The fixture was used to test strain gaged 15°
of f-axis specimens with length/width ratios of 5, 4 and 2.5.
The width was kept constant at 1.5 inches and the length was
progressively adjusted. On the basis of data from these
tests, they concluded that at the low stress level and
within the aspect ratios (length/width) investigated the use
of the rotating end fixture resulted in a relatively uniform
stress state. Using a 45° off-axis specimen with an aspect
ratio of 12, Richard et al (Reference 8) reconfirmed the
findings of Reference 5.

To improve uniformity of stress state, Cole and Pipes
(References 9 and 10) selected the fiber orientation of
highly tapered end tabs to be the same as the fiber direct-
ion in the off-axis specimens. Their selection of the tab
fiber orientation was not supported by quantitative assess-
ment. However, their study yielded an important finding.

They observed that boron/epoxy laminas retained their



orthotropic characteristics at all load levels (shear and
normal stress strain response were uncoupled). As a result
of this observation, the use of the off-axis specimen to
determine shear stress-strain response was suggested
implicitly in Reference 11 and 12. The use of a 10° off-
axis specimen for the same purpose was advocated explicitly
in References 13 through 15,

The off-axis specimens (presently used by investigators
for verification of failure criterion, fracture mechanics
and fatigue studies, and to determine the shear stress-
strain response of unidirectional laminates) often
incorporate the design modifications described in the
preceding paragraphs. In spite of these efforts,
deficiencies in the design of the specimen and the test
fixture exist. The present study is aimed at removing some
of the shortcomings. Specifically the objective of this
two-fold effort is to investigate the following:

a. Necessary changes in the design to improve
uniformity of stress (cx) so that the specimen could indeed
be used to study the effects of biaxial stress states upon
composite laminates.

b. Validity of the off-axis specimen for deter-
mining the shear stress-strain (r;,, y;,) response of
undirectional composite laminates. This requires that other
stress components must vanish, which is not possible in the
off-axis specimen. Therefore, the next best possible thing

to do is to maximize the shear effects relative to the



normal effects caused by the presence of normal stresses g,
and o,

The improved specimen design is described in Section II.
Experimental and analytical data verifying the improvements
are included in Section III, Finally, the evaluation of the
results and the conclusions drawn therefrom are presented in

Section 1V,



SECTION IT

SPECIMEN DESIGN

An axially loaded (ox¢ 0,qy=rx =0) off-axis specimen

V4
develops a biaxial stress state (o,, oy 112) relative to
the material axes such that normal stresses (g;, o,)are
functions only of normal strains (el, 52) and shear stress
(t,,) is a function only of shear strain (y;,) (References 9
and 10). This behavior of the specimen suggests that the
specimen can be used for the following purposes:

a. Determination of the shear stress-strain responses
of unidirectional composite laminates.

b. Limited verification of failure criteria (Figure 2).

c. Fatigue and fracture mechanics studies under biaxial
stress states.

The stress state in the test area of the specimen must
be uniform for any of these three purposes. This condition
is the basic requirement for achieving meaningful results,
The means for improving stress uniformity and the shear
stress~strain response determination are described in the
following paragraphs.

The study of the off-axis specimen reported herein in-
cludes the following:

a. Point-stress state
b. Shear stress-strain response based upon
(i). Linear material behavior

(ii). Nonlinear material behavior



c. Effects of end constraints upon the stress distri-
bution and the means to achieve uniformity of the stress
state.

1. Specimen Point Stress State

A biaxial stress state exists along the material axes 1,
2 of a uniaxially loaded (ax#0,0y=rxy=0) flat unidirectional
composite laminate specimen when the load axes X, Y do not
coincide with the material axes. If the angle between the
only load (ox) and material axis 1 is a, the resulting

stresses and strains referred to the material axes 1 and 2

are given by

2
gp =m o, (1)

2
gy =N o, (2)
Ty = MNo, (3)
€1 = 01/E1; ~ u120,/Ep, (4)
€2 = “u1201/Ey1+0,/Eyy (5)
Y12= T12/G1 (6)
Ho1= H12E5,/E (7)

where
Oy = normal stress in x~direction
o1r €1 = normal stress and strain in the fiber

direction (l-axis)



0y €2 = normal stress and strain in the direction

transverse to the fibers (2~axis)

Ti2 Yi2 = in-plane shear stress and strain
E;py Eyp = Young's moduli in 1 and 2 directions
G,, = shear modulus
u;, = major Poisson's ratio
m = cos o
n = sin a
a = angle between the 1 and x directions

(positive when counterclockwise going
from 1 to x)

2, Specimen Optimization for Shear

In the off-axis specimen, though uncoupled, both
normal and shear stresses and strains exist relative to the
material axes. For the off-axis specimen to perform as a
shear specimen, the shear response as compared to the normal
responses'should be a maximum. In the following paragraphs,
we determine the off-axis angle which (a) maximizes the
shear response to failure and (b) minimizes the transverse
strain. Since the shear stress—-strain response of
unidirectional composite laminates is in general nonlinear,
the off-axis angles maximizing the shear response for linear
and nonlinear material behaviors are likely to be different.
We show that this is so and the off-axis angle maximizing

the shear response is not a fixed entity.



2.1 Maximizing Shear Response-Linear Material

The failure of the off-axis specimen subjected to the
biaxial stress state (Equations 1 to 3) is governed by the
following expression that incorporates three criteria,

Norris, Tsai and Chamis (Reference 16):

2 2 = 2
(o /F11) +(oy /F 55) "K(Olo‘z /F11F22)+(‘t 12/F66) > 1 (8)

where
Fj, = strength in the fiber direction
F,2 = strength in the direction transverse
to the fibers

Fgg = shear strength

Il
]

1 for Norris criterion
= Fy, /Fj, for Tsai criterion
= K;, for Chamis criterion, is a combined
strength coefficient to be chosen such that
the predicted and experimental results are
in good agreement
F,; and F,, can assume positive or negative values depending
upon whether ¢, and o, are tensile or compressive. Upon

using o;,, o0, and t;, from Equations 1 to 3, Equation 8 can

be written as

2 L 2 L 2 - 2 2 202, 2
Ux 2 l/(m /F11+n/F22— Kmn/F11F22+mn/F66) (9)

2
In Equation 8, the expression (t,, /Fgg) represents the

contribution, Xs, made by the shear stress towards failure.



It can be written as

X

s = (1)2/Fge) (10)

or X
S

[}

2 2 2 2
Oy (m n /FGG) (11)

Substituting Equation 9 for the case of equality into

Equation 11, we get

2 2 2 2 2 2

-2
RFgg / F  Fpp+ 1) (12)

Xs attains a maximum value, when

dXS/da =0 (13)

On simplification, Equation 13 reduces to

tan o'= /F,,/F;; (14)

where a' is the off-axis angle for which XS becomes maximum,
Equation 14 indicates that the off-axis angle, o',
maximizing the shear contribution to failure is a function
of the normal strength parameters only. The coupling and
shear strength terms of the interacting type failure
criterion do not affect the off-axis angle o'.

2.2 Minimizing Transverse Strain-Linear Material

Using Equations 1 and 2, the transverse strain €9

in Equation 5 can be written as

2 . 2
€9 =["ulzCOS G/Ell + sin G/EZZ] Oy (15)

10



The transverse strain €, vanishes for

2
tan a = Hy2 E22/E11 (16)

and a assumes a spucific optimum value o". Thus

2
tan a"

W21 (17)

tan a" /uzl (18)

Off-axis angles a' and «" computed for various material
systems are shown in Table 1. It is evident from the table
that a' and a" for the same material system are not the
same. This means that when fibers are oriented to maximize
shear contribution to failure, the specimen is not
simultaneously free of transverse strain. When fibers are
oriented at a" to eliminate transverse strain, shear
contribution to failure is not maximum. Hence, for linear
material there is no fiber orientation for which both
conditions (maximum shear contribution to failure and zero
€p) are satisfied at the same time.

2,3 Maximizing Shear Response~Nonlinear Material

In this paragraph the effect of nonlinearity of
material behavior upon the off-axis angle maximizing the
shear response is studied. The concepts developed in
References 11 and 12 and incorporated in the computer
program "NOLAST" (Reference 17) are used. These concepts

are described in paragraphs 2.3.1 thru 2.3.5.

11



2.3.1 Constitutive Releationship for Nonlinear

Elastic Material

dei -l Sij(si)dcj (i’ J = 172I6) (19)

where dei, daj and Sij(ei) are the increments of strain, and .
stress components and elements of the compliance matrix,
respectively. The compliances Sij(ei) depend upon current

strain level and are obtained from the basic stress-strain

data of the unidirectional lamina represented analytically

by piecewise cubic spline interpolation functions.

2.3.2 Laminate Strain Increments

fae’} = BT {aN) (20)
where {de0 = laminate strain increments

[A]_ = laminate compliance matrix

{dﬁ} = increments of stress resultants

In the application of Equation 20, a predictor-corrector and
iterative procedure is used to improve the accuracy of the
laminate stress-strain increments. In this technique, the
matrix [A]_1 is computed using elastic constants which
correspond to the end of the previous load increment and,
hence, the strain increment. Then a new increment of load
[aN} is applied and the resulting strain increment {de0} is
calcuated using the matrix [A]_l. This strain increment is

used to determine a new set of average elastic constants and

a new matrix [A]"1 is computed. The above cycle is repeated

by applying the current load increment and a new set of

12



strain increments {de®} through the use of the updated

matrix [A]_1 is calculated. This procedure is continued
until the ratio of change of the strain increment to the
strain increment in two consecutive cycles is less than

0.001,

2.3.3 Equivalent Strain Increments

In the procedure described in paragraph 2.3.2
the lamina biaxial strains (e; and €, ) are modified before
being used to determine the elastic constants from the
experimental stress-strain curves. This modification is
required to allow for the simultaneous existence of longi~-
tudinal and transverse stresses in the lamina whereas in the
experimental data only one component of stress is present.
The effects of the existence of transverse or longitudinal
stresses are taken into account by assuming that simple

equivalent strain increments can be computed from

d€1 o dEl /(1—u12B) (21)

lEquivalent
d€2lEquivalent = dey /(1l-uj,/B) (22)

where yu;, = major Poisson's ratio and

B=d0'2/d0'1

2.3.4 Failure Criterion

The incremental loading technique described
in paragraph 2.3.2 is a finite process. It culminates in
failure of the lamina. To determine the failure state,

various failure criteria (Reference 16) have been proposed.

13



These criteria assume linear material behavior and are not
applicable to materials exhibiting nonlinear behavior. For
this reason, the failure criterion developed in References
11 and 12 for nonlinear material behavior was used. This
criterion is a function of both stress and strain states.

For plane stress conditions, the criterion is written as:

= mi
¥ (Wi / Wi) =1 (23)
1 =1,2,6
where W. = area under the simple stress—-strain curve

up to the strain due to the applied load
W. = area under the simple stress—-strain curve
to failure due to uniaxial lamina loading
m, = parameter to be determined by biaxial
experimental data
Since biaxial data are not available for fixing the values
of m s it is assumed that m; = m, = mg = 1, and it reduces
the criterion to a simple strain energy relationship. For

this condition the criterion corresponds to the following

equation:
X +X =1 (24)
n s
where in =W, /W +W, /W, (25)
Xg = W / W
where in = normal stress contribution to failure

14



Xs = shear stress contribution to failure

2.3.5 Contribution of Shear to Degradation

Process of Off-Axis Specimen

The shear contribution to failure of the unidirectional

laminates from Equations (25) is

X, = Wg / W, (26)
Using the "NOLAST" Program (Reference 17), values of is were
computed for different off-axis angles for AS/3501-5
graphite-epoxy. A plot of the analytical data is shown in
Figure 3. The nonlinear material peak value of Xs = 88.0%
occurs when the off-axis angle is 13.0° which is greater
than the a” = 11° 23" computed using linear analysis (Table
I) for the same AS/3501-5 graphite- epoxy material system,
The data based upon the nonlinear analysis for the boron-
epoxy material system indicate that the off-axis angle for
the boron-epoxy material systems is 15.0° (Reference 11 and
12) with the maximum is = 94.14%. The corresponding
of f~axis angle using linear analysis is 11° 40' (Table I).
Thus, for AS/3501-5 graphite epoxy and the boron-epoxy
material systems, the more realistic nonlinear material
behavior analysis yields higher off-axis angles than the
simpler, but less realistic linear material behavior
analysis. Moreover, the value of the angle that maximizes
shear contribution to failure is not the same for different

material systems in either linear or nonlinear analyses.

15



3.0 Specimen Optimization for Uniform Stress

In the discussion of paragraph 2 of this Section,
it was tacitly assumed that the specimens examined were
subjected to a uniform 9, applied at the specimen ends, ie.,
the means of introduction of loads in the specimen did not
generate any stresses other than o uniformly across the
width as shown in Figure la. However, for realistic load
introduction, the specimens usually are tabbed and tabs are
gripped in the gripping device of the test machine. This
constrains the specimen ends from natural rotation and
causes the specimen to deform to the shape shown exaggerated
in Figure lb, thereby creating a non-uniform stress state in
the test section. Analyses of off-axis specimens are
conducted on the basis that uniform stress states exist. In
order to verify the theoretical results, it is imperative to
design the experiments to reproduce the analytical
conditions as closely as possible. For this reason the
uniformity of state becomes important. Various techniques
devised to alleviate the undesired effects end constraints
are described below.

3.1 Improved Grips

The use of standard grips prevents rotation of the
ends of the off-axis specimen. Such constraint causes
non-uniform stresses in the test section. If the ends are
permitted to rotate, considerable improvement in the
uniformity of the stress state can be achieved (Reference 6

and 7). A grip design with a provision for rotation of

16



specimen ends is essential to reduce the effects of the end
constraints.

3.2 Aspect Ratio (Length/Width Ratio)

The aspect ratio (length/width) is an important
factor in designing the specimen if determination of the
longitudinal shear modulus of the specimens' fibrous
composite material is the primary objective. The effect of
the non-rotating grips on the longitudinal shear modulus of
specimen material is minimal if the aspect ratio of the
specimen exceeds 12.0 (Reference 6). Compliance with the
aspect ratio requirements assures the uniformity of the
stress state only in the central region of the specimen.
Everywhere else the stress is far from uniform. For this
reason the aspect ratio is not important when it is desired
to determine the strength of the off-axis specimen.

3.3 Improved Tabs

Tabs, if required to introduce loads into the
specimen through shear irrespective of the grip rotation,
are fabricated from crossplied glass—-epoxy. The suitability
of the tab design to transfer loads from the grips of the
machine to the specimen with minimal contraints will depend
upon the following factors (Figure 4):

(i) Orientation B of the fibers of the tabs
with respect to the specimen axis.
(ii) Inclination tan A = §/B (tan A =§ when B

= 1) of the tab ends where B is width of the specimen.

17



A parametric study was conducted to investigate the
effects of B and § on the state of stress in the
specimens. It consisted of finite element analyses with
hinged boundary conditions and linear material behavior.

The finite element models are shown in Figures 5 and 6. For
each off-axis angle a , combinations of B and § were
determined that minimized the variation O in the test
section between tabs. The detailed results of the study are
tabulated in Table II for a = 40,60,8O and 10° and in Table
III for 80° > a > 12° while the maximum stress variations
for a between 4° and 80° are summarized in Table 1V,
Examination of the tables and Figure 7, indicates that if B8
= § = 0, very large stress differences exist and their
magnitude depends upon the off-axis angle a. The maximum
difference occurs for 45°, If recommendations of References
9 and 10 are followed, the fiber orientation in both the
composite and the tabs are matched (i.e., B = a, and & = 0)

some relief in the severity of the stress differences is

obtained. However by optimizing B8 with § 0, the stress

differences are further reduced except for a 35° through

650, for which further improvements over B = a and § = 0
case are almost negligible. The maximum reduction in the
stress differences is achieved by varying B and §. As a
result the stress field becomes practically uniform.

To verify the analytical results presented here, tests

for two groups a, B, § combinations were conducted:

18



(a)B= o and &= 0; (b) optimized g and & Results of

these experiments are discussed in Section III,.

19



SECTION III

EXPERIMENTAL AND ANALYTICAL DATA

The investigation reported herein consisted of two parts
experimental and analytical (nonlinear material behavior).
These two parts are described in the following paragraphs.

1. Experimental Part

1.1 Material System

The material system used in the study was
AS/3501-5, graphite/epoxy, supplied by Hercules
Incorporated in the form of a 12.0 inch wide prepreg tape.

1.2 Cure Cycle

The prepreg material was used to fabricate
three 16-ply panels: two 3.5 feet by 5.0 feet and one plate
9.0 inches by 7.0 inches. Fibers in the large panels were
aligned parallel the short direction, while a (i454)s layup
was used in the small panel. All three panels were cured at
the same time in accordance with the following cure cycle:

a. Apply full vacuum pressure (8-10 psi).

b. Heat to 225°F at 5°F to 8°F per minute,

c. Upon reaching 225°F, apply sufficient
pressure to reach a total of 85 psi and continue heating to
350°F,

d. Hold for 60 minutes at 350°F and 85 psi
pressure (autoclave plus full vacuum).

e. Cool to 150°F or less under pressure,

20



1.3 Specimens (basic properties and off-axis)

The large panels were used to cut various
subpanels for the intended off-axis angles as shown in
Figures 8 and 9. All the subpanels were subjected to
ultrasonic through-transmission C-scan and X-ray inspection
for flaws before being cut into test specimens. The
inspection did not reveal significant defects. In addition,
the resin content and densities of the panels were
determined using ASTM Standards D792 and D2734 and they are
tabulated in Table V. The specimens fabricated from the
subpanels and the (1454)S panel were of two types: those
for determining basic panel properties and those for
validating the analytical results of off-axis specimen
studies,

1.3.1 Specimens for Basic Properties

The specimens for basic properties
determination were cut from (016), (9016) and (:r_454)S panels
and had the dimensions shown in Figures 10 and 11 except
that (016) tensile specimens were 0.75 inches wide. This
reduction in width was mandated by the load capacity of the
test machine used in the testing part of the program. In
addition, specimens of (0/90) glass epoxy tabbing material
with dimensions shown in Figure 10 were fabricated. 1In the
three types of these specimens fibers were aligned at 0, 90

and 45 respectively to the loading axes.

21



1.3.2 Off-axis Specimens

Off-axis specimens were cut from the
sub-panels marked 4°, 6°, 8°, 109, 12°, 14°, 16°, 20°, 30°,
40°, 45°, 50°, 60°, 70°, and 80° . Dimensions of these
specimens are shown in Figure 10, For each of the off-axis
angles, specimens with either square or inclined tabs were
machined. They were designated as XXOAA or XXOAB. Where XX
represented the off-axis angle, OAA - specimens with square
tabs and OAB - inclined tabs.

1.4 Instrumentation

All specimens were instrumented with two
3-element strain gage rosettes, one on each face at the
center of the test section of the specimen.

1.5 Testing

An Instron Test Machine, Floor Model TT-1115,
was used to test all specimens at ambient environments
(RTA). The crosshead speed for compression specimens was
0.05 inches per minute while it was 0.2 inches per minute
for tensile specimens.

Tension tests for determination of basic
properties of laminates (graphite/epoxy and glass/epoxy)
with OO, 90° and _4_-_45o layups were conducted using standard
grips. For basic compression properties tests of 0° and 90°
laminates, a test fixture (Figure 12) designed by Northrop
Corporation and modified locally (R.L. Rolfes, AFWAL/FIBCC)

was used.
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All the off-axis specimens were loaded in
tension. Some of the square tab specimens were tested in
standard fixed grips. For the rest of the square tab and
all inclined tab specimen, the test fixture had hinged grips
as shown in Figure 13. The designation for the former group
was XX0AA while for the latter - XXOAAH and XXOABH.

1.6 Data

For each of the basic mechanical properties,
two sets of stress-~strain data from the two strain gages
located on opposite faces of the specimen were obtained. To
determine the average data, piecewise cubic spline inter-
polation functions were employed to represent each set of
data. The stresses at prescribed strain values were
determined. The results were then averaged to determine
stress-strain curves for both the graphite/epoxy and
glass/epoxy material systems. The averaged data are
tabulated in Table VI and VII, and engineering elastic
constants are presented in Table VIII,

Ultimate stresses and strains for all off-axis
specimens (test series XXOAA, XXOAAH and XXOABH) are
presented in Table IX. Experimental and analytical
stress-strain plots for off-axis specimens obtained in this
study are shown in Figures 14 thru 100. 1In each of the
figures, experimental data for the test specimem are plotted
individually using different symbols. Test sequence numbers

are given for each of the symbols in the plots.
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2.0 Analytical Part

The basic property data for graphite-epoxy and
glass-epoxy material systems and the nonlinear analysis were
used to determine the cumulative stress strain response of
the off-axis specimens modelled as shown in Figures 5 and 6.
In determining the cumulative responses, appropriate
boundary conditions were incorporated in the finite element
analyses. The analytical stress-strain curves corresponding
to the locations of strain gages were obtained. These
curves are plotted in Figures 14 through 100 using solid and
dashed lines. The data shown in these figures are compared

and evaluated in Section IV,
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SECTION IV

EVALUATION OF DATA AND CONCLUSIONS

On the basis of data generated in this study, some
observations can be made. They are arranged in the
following order:

a. Use of off-axis specimen as a shear specimen.

b. Design of off-axis specimen to improve
uniformity of stress Oy

c. Analytical-Experimental correlation

1. Use of Off-axis Specimen as a Shear Specimen

For linear materials, the optimum angle o' that
maximizes shear contribution to failure was found to be
given by Equation 14. In addition to the maximum shear
contribution hypothesis, the optimum angle a" corresponding
to the minimum transverse strain condition was determined.
This yielded Equation 18. The resulting data in Table I
indicate that maximum shear and minimum transverse strain
cannot be obtained simultaneously, and that the optimum
off-axis angle a' is a material-dependent quantity that is
different for different material systems.

In the case of nonlinear materials, an equation similar
to Equation 14 could not be derived. However, using the
nonlinear material properties (Table VI) a nonlinear point
stress analysis computer program "NOLAST" (References 17)
was employed to compute shear contributions to failure Xs

(Equation 26) for off-axis angles 0° to 90% in AS/3501-5
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material system. The results of this analyis are shown in
Figure 3. is reaches the peak value of 88.0%, at the
off-axis angle of 13°, The values of XS drop sharply for
off-axis angles less than 11° and for those exceeding 14°.
In the range of 11° thru 140, the values of Xs are 87.5%,
87.78%, 88,0% and 87.6% (averaging to 87.72%) for 11°, 12°,
13° and 14° respectively.

These results indicate that the optimum off-axis angle
is not a fixed entity. It changes with material and
material behavior. 1In addition, the off-axis shear response
does not cover the entire range of shear behavior of
unidirectional laminates. For the AS/3501-5 material system
used in this study, the off-axis shear response, is' was
88.0% of the area under the pure shear stress strain plot
obtained by testing (+45), coupons while the normal stress
contributions Xn (Equation 25) accounted for the remaining
12% towards failure. On the basis of findings in this
study, it is difficult to justify a recommendation of a
fixed value of fiber orientation (a ) in an off-axis
specimen for determining the shear response of unidirect-
ional laminates for different material systems.

2, Design of Off-Axis Specimen to Improve Uniformity of

Stress o
"

Tabbing the specimens and the use of standard grips
constrains end rotations of the specimens. These
constraints cause in-plane bending stresses (Reference 5).

Resulting deformations are illustrated in Figure 1l(b). To
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reduce the effects of end constraints, various techniques
including the one evolved in this study are discussed below.

2.1 Rotation Grips

Finite element analyses based upon linear material
properties of off-axis specimens were conducted in Reference
6 to assess the effects of different specimen end boundary
conditions on uniformity of étress distribution. Those
analyses indicated that considerable improvement in stress
distribution uniformity in the test section of the specimen
could be achieved by using a hinged fixture to transfer
loads from the loading machine to the specimen even with
non-optimum tab fiber direction and square tabs. This
assessment was later substantiated experimentally (Reference
7). On the basis of those results and the analyses
conducted in this study, the use of hinged grips to load the
specimen appears imperative.

2.2 Tab Design with Hinged Grips and Linear Material

A parametric study of the tab design was conducted
for AS/3501-5 off-axis specimens with glass epoxy tabs.
Finite element models of Figures 5 and 6, material
properties tabulated in Tables VI thru VIII and hinged
boundary conditions were used. The parameters were o and g,
the fiber orientation in the specimens, tab material, and
§ = tan A where )\ is the inclination of tabs on the
specimens as shown in Figure 4. The variation of o was
limited to the values specified in paragraph 1.3.2 of

Section III. The procedure used in the parametric study

27



consisted of using a linear elastic finite element analysis
and varying B and § to minimize maximum axial stress Oy
difference between any two elements inside the test section.
This procedure was used for the following
combinations of a, B and § under a constant thickness of one
tabbing material system and a constant applied load.
2.2,1 o #0, g=6§=20
This condition corresponds to the use of
square ended tabs with fibers of tabs aligned along the
longitudinal axis of the specimen. The stress L difference
percentages obtained for this combination are tabulated in
Table IV and stress differences are plotted in Figure 7.
2.2.2 a0, B = a, 5 =0
To improve distribution of stresses in
off-axis specimens, Pipes (References 9 and 10) suggested
the use of square ended tabs with fibers of tabs aligned
along the specimen fiber direction. This design has been
used ever since. The stress difference percentages for this
condition are also given in Table IV and stress differences
are plotted in Figure 7.
2.2.3 a # 0, optimized B8, 6§ = 0
This condition corresponds to the use of
specimens with square ended tabs in which tab fiber
directions are determined to produce minimum variations of
the axial stress o, For this condition and for each
off-axis angle, a , (listed in paragraphs 1.3.2 of Section

III), the tab angle B was varied until the maximum stress
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differences attained the minimum values. The resulting
stress difference percentages corresponding to optimum
values of B for square tabs are given in Table IV, and
stress differences ~re plotted in Figure 7 .

2,2,4 o #0, B#0, B+ a, & #0

This condition corresponds to the use of
optimized orientation of tab fibers and tab ends. 1In this
case, for each of the values of a ,both B and 6 were varied
to obtain the minimum stress L differences. The optimum @
+ B, 6§ and the corresponding stress difference percentages
are tabulated in Table IV. The axial stresses in various
elements are given in Tables II and III. This condition
produced practically uniform axial stress states in all of
the off-axis specimens.

Plots of stress differences for the square tab
specimens for tab fiber orientations 8 = 0, B = a and
optimized B for different off axis angle a are shown in
Figure 7, It is obvious from the plots that by making the
tab fiber orientation the same as the off-axis angle (a = B8)
a dramatic improvement over the B = 0 case in stress
distribution was achieved. However, the optimization of the
tab fiber angle B8 although improving results for condition
2.2.2, (B = a) did not improve the results to the same
extent as did condition 2.2.2 (8 = &) over condition 2.2.1
(B =0). Results for the optimized B and § condition 2.2.4
are not shown in Figure 7 since the ordinat~ values were too

small for the resulting plot to be distinguished from the
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abscissa at most of the points, with the maximum value of
stress difference being 4.7 psi.

2.3 Effect of Material Nonlinearity on Tab Design

It was observed in paragraph 2.2 of this Section that
the stress field was practically uniform in an off-axis
specimen with tabs designed for optimum combinations of tab
fiber orientation (B) and tab inclination (8). 1In this
condition linear material behavior was assumed for both the
specimens and the tabs. However, off-axis specimens loaded
to failure are known to exhibit nonlinear stress-strain
response. This raises a question about the validity of the
tab design based upon linear material behavior. To assess
the effect of material nonlinearity on the tab design, two
studies were conducted. These studies consisted of
nonlinear finite element analyses (finite element models as
per Figure 5 and 6) of hinged ended off-axis specimens with
tabs designed as per conditions 2.2.2 (B = a) and 2.2.4
(optimized B and 6). From each of the analyses, stress
differences Ao and load levels were determined. Stress
differences, stress difference percentages, and axial stress
levels corresponding to the first and the next to the last
increment are tabulated in Table X. From the data of Table
X, it is concluded that the effect of material nonlinearity
on the tab design results in degrading the uniformity of
stress 0. but the stress distribution corresponding to
design condition 2.2.4 (optimized g8 and §) is far more

uniform than that for condition 2.2.2 (B8 = a).
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3. Analytical - Experimental Correlation

The experimental part of the effort was intended to
evaluate tab designs for conditions 2.2.2 and 2.2.4 with
rotating grips (hinged grips). Unfortunately half of the
specimens for condition 2.2.,2 were tested with standard
Instron grips instead of rotating grips. The remaining
specimens were split into two groups with square end and
inclined tabs as originally intended and tested with rotat-
ing grips. The test data (Figures 14 thru 100) show a good
deal of scatter. To find the reason for the data scatter,
actual off-axis angles were measured for the available
failed specimens. These angles are tabulated in Table XI.
As can be seen from the table, the actual angles deviated
considerably from the planned angles. Accounting for these
differences decreases the scatter somewhat. The remaining
scatter is probably due to material variability, but the
possibility of technique related variability cannot be
dismissed.

Due to the scatter in the current data, no definite con-
clusions about the improvements resulting from orienting the
tab ends can be drawn. But since the analytical results
very strongly favor tab end orientation, it is only logical
that the analytical indications should be verified with a
new set of experiments. Considering the data shown in Table
X off-axis angles o for these experiments need not assume
values greater than thirty degrees, because square end tabs

cause the greatest non-uniformity of stress for 0° < o <

30°,
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K42

TABLE I

OFF-AXIS ANGLE FOR MAXIMIZING SHEAR RESPONSE AND MINIMIZING TRANSVERSE RESPONSE-LINEAR ANALYSIS

MATERIAL E

E

11 22 12 el 22

x10%psi x10%psi ksi ksi
**MOD~I /EPOXY 34.9 1.12 0.218 81.7 4.0 12° 28.5° 4° 47
BORON/EPOXY 30.8 2.59 0.24 197.8 8.4 11° 40° g° s
GLASS/EPOXY 6.45 1.84 0.245 248, 10.0 =21 14° 49°
**7-300,/5208 21.4 1.35 0.25 204.0 7.0 10° 30° 7° 10
*AS/3501-5 17.87 1.52 0.25 225.2 9.12 11° 23 g° 18
*The material system used in this study

**Reaference 14



TABLE II

LONGITUDINAL STRESSES Gx IN OFF-AXIS SPECIMEN WITH ORIENTATION ANGLE a ;:10° *

ALPHA= L.600° 6.00C0 8,0000 1C.00407
BETA = 62,0000 56,0008 55048 5.00GC
DELTA= $.0000 G.0000 « 1540 «1520
ELEMENT NO. o, STRESS PSI
25 7392. 8 7392.56 7392.2 7391.6
26 7389, 5 7390.6 7396.7 7390.9
2 7390.6 7390.7 7391, 7390.2
28 7392.3 7392. ¢ 7391 .4 7392.4
29 7320.2 73%1.4 7391 .4 73392.0
30 73392.1 7391.1 7391.2 7390.6
31 7393.4 73S1. 4 7391,5 73904
32 7389.8 7391.3 7394.1 739242
33 7390.0 7391.2 7331.2 7391.9
34 7392.6 73914 7391 .4 7390.6
35 739247 7331.5 7391.5 739849
36 7389.9 73¢1.1 7391.1 7391.9
37 7390.9 7391,2 7391.2 7391.4
38 7391.9 7391e 4 7391 .4 7391.°0C
39 73%1.7 73%1.4 7394 .4 7391,3
40 7390.8 7391.2 7391.2 7391.5
U5 7391.3 7391.3 7391.3 7391.3
42 7391,.3 7391. 3 7391.3 7391.3
43 73%1.3 7394+ 3 7391.3 7391.3
44 7391,.3 7391.3 7391.3 7391.3
45 7391.3 7391.3 733%1.3 7391.3
46 7391.3 739163 739143 7391.3
47 73°%.3 7391.3 7391.3 7391.,3
43 7391.3 7391.3 7391.3 7391.3

*Linear Material and Finite Element Analyses
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TABLE III

LONGITUDINAL STRESSES Ox IN OFF-AXIS SPECIMEN WITH ORIENTATION ANGLE a ;12o *

ALPHA= 12.0000 14,0000 16,0600 20.000C 30.0070 40.000C &5.0000 50.6000 63.5000 76.005¢ 83,0000

9¢

BETA = 6.5000 7.500C 8,0000 9.0000 12.06000 16,0000 17.5000 19.0000 25.0000 30.0000 36,0000
DELTA= «1600 «1600 1720 1940 «2552 .3030 .3235 «3379 «3176 «2510 1120
ELEMENT NO, OX STRESS PSI
25 7399.9  7389.9 7389.2 7388.7 7391.2 7390.0 7391.2 7392.1 7390.4 7390.2 7391.3
26 7391.1  7392.4  7392.3 7392.4 7394.3 7391.9 7391.3 7390.0 7392.5 7392,1 7391.3
27 73831  7390.7 7390.0 7390.2 7391.3 7391.5 7391.,3 7394.3 7391.6 7394.8 73391.3
28 7393,7 7392.2 7393.2 7393.3 7391.4 739143 7391.3 7391.8 7393.7 7390.2 7391i.%
29 7392,6  7391.6 73914.9 7391.6 7394.3  7391.0 7394.3 7391.5 7390.7 7390.8 7391.3
30 7389.8  7390.9  7390.%  7390.4 7391.3 7391.4 7391.3 7391.0 7391.7 7391.9 7391.3
31 738<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>