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undertaken to determine the depthwise stress distribution in each case.
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The finite element analysis, however, showed a stress concentration at
the notch root in the latter case, and specimens loaded to destruction
tended to fail at the notch. It was concluded that with appropriate modi-
fication in the test fixture and specimen geometry the AFPB method devel-
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I. BACKGROUND

The characterization of elastic and strength properties of materials for
Structural applications is accomplished by the use of mechanical tests. As a rule,
fiber-reinforced composites require more extensive testing for this purpose than
do more common structural materials such as metals. Additional test requirements
arise from the anisotropic and heterogeneous nature of composites. Even for the
simplest case of a homogeneous anisotropic material, for instance, a minimum of
four independent elastic constants must be determined for complete in-plane charac-
terization. This is twice the number required for ideally isotropic material and
implies a minimum of three separate tests to determine all four constants, whereas
only one is needed to determine the two constants corresponding to material isotropy.
The complete characterization of in-plane strength properties of a composite may
also require a larger number of tests because the behavior in tension of heteroge-
neous materials is frequently very different from that in compression. Finally,
the determination of in-plane shear modulus and strength of composites, unlike
metals, requires an independent test.

A number of test methods have been devised to measure shear properties of
fiber-reinforced composites.!-12 However, in practice these have usually not
proved entirely satisfactory for the intended purpose. It is generally recognized
that an ideal test method should have the following qualities:

a. be mechanically simple in application,
b. use relatively small specimens of simple geometry, and
c. subject the specimen to an unambiguous, uniform state of stress.

One or more of these qualities is lacking in current shear test methods, and
it is difficult to devise a method which incorporates all three. It is largely for
this reason that characterization of in-plane shear behavior has been a persistent
barrier to complete understanding of the stress-strain response of composite
materials.

The shear test methods in frequent use for composites include tube torsion,
picture-frame shear, rail shear, cross-sandwich-beam bending, and uniaxial tension

1. CARD, M. F. Experiments to Determine Elastic Moduli for Filament Wound Cylinders. NASA TN D-3110, 1965.
2. FELDMAN, A, et al. Experimental Determination of Stiffness Properties of Thin-Shell Composite Structures. Experimental
Mechanics, v. 8, 1966, p. 385.
3. WHITNEY, J. M., et al. Analysis of the Rail Shear Test — Applications and Limitations. J. Composite Materials, no. 5, 1971, p. 24-34.
4. BRYAN, E. L. Photoelastic Investigation of Stress Distribution in the Panel-Shear Specimen. Symposium for Shear Torsion Testing,
ASTM, STP 289, 1961, p. 90-94. §
5. HADCOCK, R. N., and WHITESIDE, J. B. Characterization of Anisotropic Composite Materials. Composite Materials: Testing
and Design, ASTM, STP 460, 1969, p. 3747.
6. HENNESSEY, J. M., et al. Experimental Methods for Determining Shear Modulus of Fiber Reinforced Composite Materials.
Air Force Materials Laboratory, AFML TR 6542, 1965.
7. BALABAN, M. M., and JACKSON, W. T. A Method of Testing Thin Webs in Shear. Experimental Mechanics, v. 5, 1971, p. 224.
8. WADDOUPS, M. E. Characterization and Design of Composite Materials. Composite Materials Workshop, Technomic Publishing
Co., Inc., Stamford, Connecticut, 1968, p. 254-308.
9. LENOE, E. M. Testing and Design of Advanced Composite Materials. 1. Eng. Mech. Div. ASCE, v. 96 (EM6), 1970.
10. PETIT, P. H. A Simplified Method of Determining Inplane Shear Stress-Strain Response of Unidirectional Composites. Composite
Materials: Testing and Design, ASTM, STP 460, 1969, p. 83-93.
11. SIMS, D. F. In-Plane Shear Stress-Strain Response of Unidirectional Composite Materials. J. Composite Materials, no. 7, 1973,
p. 124-128.
12. HAHN, H. T. A Note on Determination of the Shear Stress-Strain Response of Unidirectional Composites. J. Composite Materials,
no. 7, 1973, p. 383-386.
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of [#45°]¢ laminates. In addition to these, there are other test methods?3,¥
which have had less general use. Undoubtedly the most suitable of the commonly
used tests from the standpoint of stress field uniformity is torsion of a thin-wall
composite tube.!~3 There are some undesirable features of this method, however.
One dxsadvantage is that tubular specimens are relatively expensive to fabricate
and require more material than flat specimens. There are complexities in the test
application which must be considered also. Difficulties arise in applying the tor-
sional loading to the specimens without introducing axial forces and edge-bending
moments along with their associated coupling effects.

Test methods which eugloy flat rather than curved sgeclmens include the
picture-frame shear test“’> and the rail shear test. These tests are rela-
tively simple in application and specimen geometry, but they induce a complex state
of stress in the specimen. In the picture-frame shear test the induced stress field
is generally nonuniform, which considerably reduces the usefulness of the test in
determ1n1ng stress-strain response in shear. However, near the edges of the spec-
imen it has been reported that the stress state is very nearly that of uniform,
pure shear, so that valid shear strength determinations presumably can be made.

In the rail shear test the specimen is attached to the test fixture by means of a
row of bolts along opposite edges. This gives rise to severe stress concentrations
at the edges, particularly when the major Poisson's ratio of the composite is large,
as in the case of a [45°]¢ laminate. Consequently, the shear strength determina-
tions obtained in such cases would be invalid. On the other hand, it has been found
that valid measurements of shear modulus can be made.3

The cross-sandwich beam test®-10 has been used extensively in the aerospace
industry. The specimen employed in this method is made by bonding thin sheets of
the composite to a suitable core material to form a sandwich panel. This is cut
into a cruciform and tested by subjecting the cruciform to anticlastic bending.

The test is relatively simple and the induced stress field is uniform in the central
region of the cruciform; however, specimen preparation requires a considerable
amount of material, much of which is wasted. Also, the pure shear region is ori-
ented at +45° to the axes of the cruciform. This means that in order to measure
the shear properties with respect to the material symmetry axes, the principal axes
of the face sheet material must also be oriented at +45° to the cruciform axes.

Such a geometry introduces in-plane shear coupling and edge effects which could
seriously affect the validity of test results obtained by this method.

An indirect method of measuring the in-plane unidirectional stress-strain
response using flat specimens is to subject a [t45] laminate to uniaxial ten-
sion.11212 If there is no linear or nonlinear shear coupling, the extensional
response of the laminate is found to depend directly on the unidirectional shear
modulus with respect to the principal axes.l? It is not necessarily true, however,
that the tension strength of the [+45] laminate corresponds to the unidirectional
shear strength of a composite as the former is usually governed by free edge ef-
fects. Thus, the [#45] laminate tension test does not provide complete information

13. GRESZCZUK, L. B. Testing Techniques for Filament Reinforced Plastics Symposium. Air Force Materials Laboratory, AFML
TR 66-274, 1967, p. 95-125.

14. GRESZCZUK, L. B. Shear Modulus Determination of Isotropic and Composite Materials. Composite Materials: Testing and
Design, ASTM, STP 460, 1969, p. 140-150.
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regarding unidirectional shear properties; moreover, it does not address the prob-
lem of a direct shear test for laminates of arbitrary configuration.

A test method which eliminates many of the adverse qualities of current meth-
ods is described in this report. This method is hereafter designated as the asym-
metrical four-point-bend (AFPB) test. It is performed on relatively small, flat,
simple geometry specimens. The test is mechanically simple to implement and sub-
jects the specimen to an unambiguous stress field. The stress distribution is
determined from elementary beam bending theory provided that the in-plane tension
] and compression properties of the composite in the direction of the specimen axis
; are linearly elastic. The present test configuration evolved from an earlier method
in which two composite specimens were sheared simultaneously as fixed-end beams.!®
Before this, however, a test device similar in principle was developed by Iosipescul®
for use on metal specimens. This earlier test method was apparently never standard-
; ‘ ized or applied to other materials, but later discussion here will show that the
i ' specimen configurations used in losipescu's study, together with the AFPB test
device developed here, offer a very promising technique for shear testing of coupos-
ite materials. The test apparatus used in the AFPB test is described in Section II
of this report while the development of specimen geometry for use with composites
is discussed in Section III. Results of a test program on composite and aluminum
specimens together with the results of a finite element analysis of specimen geome-
try are given in Section IV, A

II. TEST FIXTURE

The shear test is accomplished by means of a four-point asymmetrical loading
arrangement as shown in Figure la. The interior loads, separated by a distance b,
are equal in magnitude but opposite in sense. Likewise, the exterior loads, sep-
arated by a distance a, are equal and opposite. The specimen is loaded on edge, in
the plane of lamination, to determine in-plane shear properties. It is worthwhile
noting that it would also be possible to measure shear properties in the thickness
plane by loading the specimen normal to the plane of lamination; however, the dis-
cussion which follows will be limited to determination of in-plane properties only.
The shear force and bending moment distribution produced by the given load arrange-
ment are shown in Figures 1b and lc. The shear force is constant and the bending
moment is decreasing in absolute value in the region between the interior load
points and the specimen centerline. At the center of the specimen the bending
moment is zero, and the specimen is in pure shear. The shear stress distribution
across the depth of the specimen depends on its configuration. For a uniform depth,
constant thickness specimen, elementary beam theory predicts a parabolic stress
distribution, which varies from zero at the top and bottom edges to a maximum at
mid-depth. This distribution is based on equilibrium considerations, linear dis-
tribution of normal strains across the depth (i.e., plane sections remain plane),
and linear stress-strain behavior in tension and compression. Note that, theoret-
ically at least, the shear stress distribution does not require linear stress-strain
behavior in shear. However, nonlinear shear behavior resulting in large shear
strains would undoubtedly affect the assumption regarding plane sections remaining
plane. In the absence of gross nonlinear behavior, the stress-strain response in

15. SLEPETZ, J. M. Elastic Characterization of Fiber Reinforced Composites. Composite Materials, AGARD Conference Proceedings,
no. 63, 1971, p. 8-1 to 8-8.
16. 10SIPESCU, N. New Accurate Procedure for Single Shear Testing of Metals. J. Materials, v. 2, no. 3, September 1967, p. 537-566.
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shear is determined by measuring the shear strain at mid-depth of the center of
the specimen and by employing the elementary theory to calculate the shear stress

at a given load.

The magnitude of the shear force in the constant shear region is governed

by external equilibrium requirements of the specimen. From Figure 1b this is
seen to be

Vi = P(a-b)/(a+b)

1)

where Vi is the shear force between the interior load points, P is the total applied
force, a is the distance between the exterior, and b the distance between the inte-
rior load points. The maximum shear stress for a uniform depth specimen is given

by the well-known relationship for a rectangular beam cross section

Ty = 3/2(V1/Wh) (2a)

or, from Eq. 1

Ty = 3/2(P/Wh) (a-b)/(a+b) (2b)
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where 1, is the maximum shear stress, W is the specimen depth, and h is the thick-
ness. From Eq. 2b it is seen that the magnitude of Tp;4 can be adjusted by mani-
pulating dimensions a and b. For purposes of load efficiency it might appear that
b should be very small; however, in order to maintain a reasonably large region of
constant shear force and negligible bending stresses (since strain gages of finite
dimensions must be used in practice), and avoid edge-loading effects in this region,
it is advisable to keep this dimension at least as large as the specimen depth W.

As it is also desirable to insure failure in the central region of the specimen,

it may be necessary that V; > V, where V, is the shear force in the exterior regions
of the specimen. This is accomplished by setting a > 2b.

The prototype test fixture for applying the four-point loading is shown in
Figure 2. The apparatus, shown here with a glass/epoxy specimen installed, is used
in a tension test machine with universal linkages for load alignment. This arrange-
ment eliminates many of the alignment problems inherent in a compression loading
mode commonly used in other types of bend tests. The fixture in Figure 2 permits
variation of specimen depth up to 1.75 in. and thickness up to 1.2 in. The distance
a is fixed at 5.5 in. and b at 2.5 in. The choice of dimensions a and b was made
in accordance with the requirements just discussed and satisfies the condition
a > 2b. This load configuration results in a maximum shear stress of (from Eq. 2b)

Tmax = 9/16(P/Wh) (3a)

for a uniform depth specimen.

P (Applied Load)

Figure 2. AFPB test fixture details.
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The details of the test fixture are seen in Figure 2. The central load P is
applied to the top and bottom of the fixture through hardened steel pins at points
A and B. The load on each side of the fixture is then distributed to the top and
bottom edges of the specimen as concentrated forces through pins at C, D, E, and F.
The relative magnitude of the force at these points is fixed by the geometry of the
load arrangement. The displacement of the specimen and fixture is constrained to
a vertical plane by the angles C and H attached to both sides of the fixture. The
maximum load rating for the present fixture is 5000 pounds. This capacity and the
dimensional flexibility with respect to W and h are adequate for most characteriza-
tion test requirements involving composite materials. Demonstration tests were
carried out as described in Section IV with satisfactory results using specimen
dimensions of 1.5 in. x 6 in.

To avoid crushing the edges of the specimen under the concentrated load points,
it was necessary to attach steel doublers to both ends of the specimen. The full
width doublers, 2.0 in. long, were adhesively bonded to both sides of the specimen,
leaving the central 2.0-in. region of interest clear. This arrangement was found
to be satisfactory for avoiding possible complications in the stress field due to
load transfer in shear through the doublers to the specimen.

III. SPECIMEN CONFIGURATION AND MATERIALS

Ideally, any mechanical test specimen configuration should be as simple as is
practicable in order to reduce machining and preparation costs. The composite spe-
cimens required in the AFPB test are flat laminates with overall rectangular geom-
etry. This configuration is the least expensive to manufacture and, in the case
of uniform depth, results in a parabolic theoretical shear stress distribution
which is the same at every interior cross section at points removed from the applied
loads. The uniform depth configuration is satisfactory for measuring shear stress-
strain response; however, it would be more advantageous to have a specimen configu-
ration which resulted in a uniform stress distribution. Moreover, for purposes of
measuring shear strength, it would be desirable to have only one section, preferably
at the centerline, where the shear stress is a maximum. This would preclude the
likelihood of specimen failure occurring in the vicinity of one of the interior load
points under a state of combined stress, as is the most probable event in the case
of uniform depth geometry. Preferably, failure should occur at the centerline under
pure shear conditions. A varying depth configuration would obviously be required
to obtain a uniform depthwise shear stress distribution, if indeed such a condition
is possible. Moreover, the minimum section would have to be at the centerline to
obtain maximum shear stress at that location. Such a condition was achieved by
Iosipescul® in metal specimens machined with 90° vee-notches at the top and bottom
edges, leaving a net section depth at the specimen centerline of one half of the
overall depth., Iosipescu confirmed the uniform state of pure shear by means of
photoelastic strain field measurements on plexiglass models. The uniform stress
state apparently results from the fortuitous coincidence of the principal stress
directions at *45° to the specimen axis with the 90° notch angle in the region of
zero bending stress. Contrary to what might be expected, there ic no stress singu-
larity at the notch root because of the absence of normal stresses at this point,

If shear stress is assumed to be uniform across the vee-notched section, then the
stress is not given by Eq. 3a but instead by

Tmax = 3/8(P/Wh) (3b)

»
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where W is now the net section depth of
the specimen. Unlike the simple beam
result given by Eq. 3a, the above equa-
tion may not be theo-etically valid for
nonlinear shear behavior or for complex- *7 X
ities arising at the notch root due to lm‘n 0.75 in.
shear coupling. This aspect will be a. Vee-Notched j
discussed in Section V. losipescu's
investigation was concerned only with
homogeneous, isotropic materials. It
remained to be shown in the present e 3“
study that the results have application

as well to composites. o b. Fillet-Notched 1som jom"

L. 8—.@
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Three different specimen geometries
; were investigated in the demonstration l
£ study of the AFPB test. These are shown
5 in Figure 3 and include the Iosipescu
i & specimen, a variation having rounded
B rather than sharp notches, and a uniform c. Uniform
is depth specimen. Several other specimen
configurations, including semicircular
edge-notched and slotted edge-notched,
were also considered for investigation Figure 3. AFPB test specimen
but were rejected after preliminary tests configurations.
showed that the induced stress field in
each case was not satisfactory. A finite
element analysis of the three specimen types employed in the investigation was con-
ducted to determine the stress field in each case as a function of geometry and
material elastic properties. The details and results of this analysis are discussed
along with the demonstration test results in the following section.
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The materials used to fabricate the test specimens included two types of fiber-
reinforced composites and one metal, 2024 aluminum alloy. The 2024 aluminum alloy
served as the control material as its shear stress-strain properties have already
been well characterized. The composite materials investigated were glass/epoxy
(marketed by the 3M Company as Scotchply 1002S) and graphite/epoxy (Narmco Modulite
I1). Two different laminate configurations were employed for each composite, uni-
directional and [0,90]; cross ply. Panels, 24 x 24 in., of each composite were
fabricated by a tape lay-up and autoclave cure process. Glass/epoxy panels were
12 plies thick having a nominal total thickness of 0.11 in., whereas the graphite
panels were 8 plies thick and had a nominal total thickness of 0.08 in. The nomi-
nal volume fraction of fibers was 55% in the case of glass/epoxy and 60% for
graphite/epoxy panels. Rectangular blanks 1.5 x 6 in. were cut from the composite
panels and machined to the prescribed geometry. Four specimens of each composite
material, each laminate sequence, and each notch geometry were used in the demon-
stration tests. The one exception to this test plan was that fillet-notched
specimens were used only in the case of unidirectional graphite/epoxy. Uniform
depth specimens only were used in the case of aluminum. Unidirectional specimens
were machined with the reinforcement direction parallel to the longitudinal axis
of the specimen, and cross-ply specimens were made with the outer ply reinforce-
ment direction parallel to that axis. This was done arbitrarily in the case of

=
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s




the cross-ply specimens, but it served the purpose of preventing unwanted trans-
verse tension failure near the load points in unidirectional specimens. The spec-
imens were instrumented with strain gages or other strain field measurement device,
and steel doublers were attached as previously described in final preparation

for testing.

IV. TEST PROCEDURE AND RESULTS

Demonstration tests were performed on metal and composite specimens using the
prototype shear fixture seen in Figure 2. In most cases, specimens were instru-
mented with electrical strain gages at mid-depth on both sides of the centerline.
The gages were oriented at +45° to the longitudinal axis as shown in Figure 4a.

The shear strain Yy is found from the normal strain measurements at these orienta-
tions. If the normil strains measured by the gages are designated as e; and ¢

’
then the shear strain Yxy with respect to the specimen axis is given by ¥
] 1
Yxy = €x " €y (4)
Also, if the shear stress-strain relationship is linear, the shear modulus is
given by
- ' 5 1
ny = "xy/ny Tmax/ex ey (5)
where 1 is given by either Eq. 3a or Eq. 3b according
to the specimen configuration. If the stress-strain
response is nonlinear, then the shear modulus is the
& slope of the response curve at a particular strain level.
Interior 4 P
Point i :
‘lnw ol “9{? In add;tlon‘to strain gage measurements at the

centerline, moire fringe interference techniques were
employed in some cases to provide full-field strain
analysis of test specimens. Figure 4b shows a sketch
of a specimen with a moiré grating mounted on one side
in the area between the loading doublers. The gratings
used in this study had orthogonal rulings with a density
of 1000 lines per inch. This permitted simultaneous
measurement of orthogonal specimen displacements from
which the shear strains everywhere in the field of the
grating could be determined. Electrical strain gages
were provided on the specimen side opposite the moire
grating.

Instrumented specimens were installed in the AFPB
fixture and loaded quasistatically at a cross-head speed
of 0.02 in./min in an Instron test machine. The strain
gage and load transducer output signals were recorded

Figure 4. Strain measurement on an X-Y plotter to obtain a continuous history of
instrumentation for AFPB test load-strain response. In tests on specimens provided
specimen. with moiré gratings, loading was interrupted at conve-

nient intervals to permit photographs to be made of the
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moire fringe pattern. In some cases, the procedure followed was to load the spec-
imen directly to failure. In others, the load was cycled several times to observe
the load-unload strain response. Specimens which had been loaded to failure were
:xanined visually to determine the location of failure initiation and mode of
ailure.

Stress-Strain Behavior

Typ1cal load-strain response curves for two types of compos1te specimens are
shown in Figure 5. The curves are for 90° vee-notched spec1mens of cross-ply
graphite/epoxy in one case and unidirectional glass/epoxy in the other. Since
stress is linearly dependent on load, from Eq. 3b the load-strain history is also,
in effect, the stress-strain curve of the material. In each case the stress-strain
response in Figure 5 is seen to be highly nonlinear above strains of the order of
0.01 in./in. In view of this, the shear modulus must be defined as either the tan-
gent or secant modulus at a specified strain level in order to have a consistent
meaning as a material property. In the experiments here the modulus was taken as
the initial slope G, of the stress-strain curve. The initial tangent modulus was
found to be 0.90 x fo psi for the unidirectional glass/epoxy specimens and 0.86 x
105 psi for the cross-ply graphite/epoxy spec1mens. The mean values of G, obtained
for the four laminate types and three specimen configurations employed in the study
are given in Table 1. In general, there was no significant difference in values of
G¢ obtained for specimens of the same composite type but having different geometric
configurations. In fact, the range of values for a particular geometry was somewhat
larger than the difference in mean values among the various geometries tested.
There was also very little difference in G¢ between cross-ply and unidirectional
specimens for the two composites. This was to be expected, as laminate theory
predicts the in-plane shear modulus of a [0,90]5 lay-up to be the same as for a
unidirectional lay-up. The small differences that were observed are probably due
to slight variations in fiber volume fraction between the unidirectional and cross-
ply laminates.

Material:
5206 Cross-Ply ‘/
Graphite/Epoxy —— /
| 8-Ply Thickness i
Failure
1002 Unidirectional ; .
S-Glass/Epoxy - ——m- ,/ Gy = 0.86x10% psi -
0 _lZ-PIy Thickness / tne <30
2 Gt = 0.90x10% psi —,° Yult = 0.084 in.fin.
- i R i L
g s / /G:\/ . :max - % :;l
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Figure 5. Load-strain history / /K
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Also shown in Table 1 are average G, values obtained elsewhere using various
test methods,2»10,11,13,1%,17 gome differences between the reported values and
those obtained by the AFPB test are apparent; however, it is difficult to compare
results from one investigation to another because it is seldom possible to match
material processing variables such as fiber volume fraction in the test materials.
In Reference 14, for instance, reported values of shear modulus for unidirectional

glass/epoxy ranged from 0.61 x 10® psi for 51% fiber volume fraction to 1.34 x
psi for 69% fiber volume fraction.

The similarity of G4 values for glass/epoxy and graphite/epoxy composites seen
in Table 1 occurs because the matrix material properties were essentially the same
in both cases, and the two fiber types, despite having widely different Young s mod-
uli, have nearly the same longitudinal shear modulus. It has been shown!® that the
in-plane composite shear modulus depends primarily on the fiber shear modulus and
the properties of the matrix material rather than on the Young's modulus of the
fiber. To illustrate this point Table 2 summarizes the average in-plane elastic
properties of the unidirectional glass/epoxy and graphite/epoxy specimens used in
the present study, as well as the individual constituent material properties of
these composites. Young's modulus and Poisson's ratio of the composites were deter-
mined by tension tests on 3/4 x 9 in. coupons, and the G values are the average of
all the AFPB tests, including notched and uniform depth results. The constitutive
material properties were taken from References 19 and 20.

Table 1. COMPARISON OF G¢ VALUES BY VARIOUS TEST METHODS

Material  G¢, psi Test Method Reference
S-Glass/
_Epoxy
Uni. 0.87x10¢ AFPB Uniform depth
Uni. .89 Vee-notched
X-ply .85 l Uniform depth } This study
X-ply .83 Vee-notched
Uni. 1.44 Tube torsion 2
1.27 0ff axis tension 13
0.61 Douglas ring 14
X-ply 0.80 Rail shear 1
0.78 [+45°]¢ tension n
0.75 Douglas ring 14
Graphite/
Epoxy
Uni. 0.84 AFPB Fillet notched
X-ply .88 Uniform depth This study
X-ply .89 Vee-notched
Uni. .69 Tube torsion 1"
Uni. .83 Rail shear 17
X-ply 7 Cross-beam 10
5 [+45°]; tension 10
.97 ‘ 11
.81 11

17. LACKMAN, L. M., et al. Advanced Composites Data for Aircraft Structural Design. Air Force Materials Laboratory, AFML
TR 70-58, 1972, p. 82.

18. HALPIN, J. C., and TSAL S. W. Environmental Factors in Composite Materials Design. Air Forc: Materials Laboratory, AFML
TR 67423, 1967.

19. ASHTON, J. E,, et al. Primer on Composite Materials: Analysis. Technomic Publishing Co., Inc., Stamford, Connecticut, 1969,
p. 113,

20. BROUTMAN, L. J., and KROCK, R. H. Fiber-Reinforced Plastics. Modern Composite Materials, Addison-Wesley, Reading,
Massachusetts, 1967, p. 307-309 and p. 338-343.
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Load-strain test results for 2024 aluminum alloy specimens of two different
thicknesses are given in Figure 6. The load-unload cycle shows essentially linear
behavior in both cases but with some hysteresis apparent during unloading. The
latter phenomenon is most likely due to friction at some point between the specimen
and load fixture because aluminum does not ordinarily exhibit a measurable hystere-

sis loop at the strain levels employed in these tests.
forces active in the test device will be discussed in the next section.

aluminum specimens tested in the AFPB fixture were subsequently tested in axial
tension to determine Young's modulus and Poisson's ratio. Because aluminum is

isotropic, the well-known relationship between those two properties and the shear

modulus should apply; namely,

E
Rt 1 i e

Table 3 gives the average values of
shear modulus, Young's modulus, and
Poisson's ratio determined experi-
mentally for each specimen. A com-
parison can be made of G., calculated
from Eq. 6 using the values of E and
v determined from the tension test,
and the value of G measured in the
AFPB test. In both instances these
agree to within 1%. The measured
value of G is also within a few per-
cent of the accepted value for 2024
aluminum alloy, which is 4 x 10° psi.

Moiré Strain Analysis

The strain field uniformity of
vee-notched and uniform depth glass/
epoxy specimens was investigated
using moiré interference fringe analy-
sis. The sequence of photographs in
Figure 7 shows the fringe patterns
obtained in each case. In Figures 7a
and 7b the moire fringe pattern at
zero and 800-1b applied load are shown
for the uniform depth specimen; and in
Figures 7c and 7d at zero and 500-1b
for the vee-notched specimen. The
moire fringe pattern is an analog of
the specimen displacement field?! in
which the two families of fringes,
developed by interference of a fixed
grating and one attached to the spec-
imen, represent lines of equal

o
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(6)

Table 2. ELASTIC PROPERTIES OF TEST MATERIALS

The implications of friction
The same

Ey Ey G¢
Material (psi) v
Uni. S-glass/ 6.2x106  1,75x106 0.88x106 0.29
epoxy
Uni. graphite/ 19.8 1.21 0.84 .28
epoxy
. S-glass fibers 12.4 12.4 5.0 .22
Mod II graphite 35 - 4.0 .21
fibers
Epoxy resin 0.5 0.5 0.19 .35

0 | 1 | | 1
0 0.05 0.10

0.15
Shear Strain, %

Figure 6. Load-displacement response of uniform
depth aluminum specimens.

21. POST, D. The Moiré Grid-Analyzer Method for Strain Ar.alysis. Experimental Mechanics, no. 5, 1965, p. 368.
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Table 3. PROPERTIES OF 2024 ALUMINUM SPECIMENS

Thickness E G G¢
(in.) (psi) v {psi)
0.10 10.3x106  0.33 3.85x10° 3.88x10°
0.16 10.2 0.31 3.87 3.90

UNIFORM DEPTH SPECIMEN

a. Zero Load b. 800-Ib Load

VEE-NOTCHED SPECIMEN

a. Zero Load b. 500-Ib Load

Figure 7. Moire fringe patterns of S-glass/epoxy shear specimens.
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displacement along the two orthogonal directions of specimen grating. The strain
field is obtained from the first derivatives of the displacement functions along

the same directions. Procedures have been developed for determining these deriva-
tives numerically from a given fringe pattern. The primary displacements associated
with shear deformation are rotations; consequently, in these tests an initial rota-
tional mismatch of the specimen grating was applied in order to improve the accuracy
of strain measurement by increasing the number of fringes in the field. The shear
strain is deduced from the difference between the moire pattern at a given load and
the pattern at zero load. It is given, in effect, at a particular point by the
change in fringe spacing and angle of orientation at that point.

The strain distribution can be observed qualitatively by comparing the fringe
patterns for the loaded and unloaded conditions. For instance, in comparing Figures
7a and 7b it can be seen that one set of displacement fringes in Figure 7b became
closer together while the other set moved further apart. The largest change appears
to have occurred near mid-depth of the field, and there is a gradual decrease in
fringe spacing difference toward the top and bottom edges. This indicates that the
strain-field has a depthwise gradient and that the maximum strain occurs at about 3
mid-depth. Figure 8a shows the depthwise strain distribution obtained by a quanti- »
tative analysis of the fringe patterns of Figures 7a and 7b. The observed distribu-
tion compares reasonably well with the parabolic strain distribution predicted by 3
simple beam theory. Also shown in the figure is the mid-depth shear strain measured
by electrical gages on that specimen and similar specimens at the same applied load.

The moiré patterns seen in Figures 7c and 7d show the change in fringe spacing
and orientation of a vee-notched specimen in the load interval from zero to 500 1b.
Along a line connecting the notches, the pattern of change, in contrast to that of
the uniform specimen, is essentially the same across the specimen depth, indicating
a uniform strain distribution. The actual strain distribution obtained by moire
fringe analysis is plotted in Figure 8b and compared to the theoretical uniform
distribution according to Iosipescu. The mid-depth strains measured by electrical
gages are also given here. The moiré results for the vee-notched specimen show a
generally uniform strain distribution. Strain concentration at the notch roots is

i

ik

1.0 Lo

o 2. Uniform Depth b. 90° Vee-Notched o)
- Specimen L Specimen L
Elementary
08k Beam Theory ot |
L g L Uniform w9
mstrbutlon‘l
06l 0.6 Y
,M}- Load at 800 Ib ywr Loadatiﬂlb+
0.af 0.4} ?
L i 4 |
ol oMoiré Analysis 028 o moirs AmlyshJ.
- A Strain Gage - a Strain Gage L |
0 G SR AU e 0 1 et Rkl g5
0.1 0.3 0.5 0.1 0.3 0.5 g
7, % Y, % {

Figure 8. Moiré fringe depthwise shear strain variation in
unidirectional 1002 S-glass/epoxy shear specimens. ] |
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not indicated. However, it should be mentioned that moiré measurements in general
tend to lose sensitivity near the boundaries of the grating due to edge effects.
Had a finer density than the 1000 lpi grating been employed, and fringe multipli-
cation techniques used to improve accuracy, the analysis might well have detected
a strain concentration in the near vicinity of the notch root. Away from the spec-
imen boundaries, however, the moiré results obtained can be considered reliable,
and these indicate a reasonably wide region of uniform shear strain.

Finite Element Analysis

To assist in the evaluation of various specimen geometries and to complement
the experimental studies undertaken, a computer-aided elastic analysis of the shear
test specimen was carried out using finite element techniques. The same three spec-
imen geometries and the same materials that were employed in the test program were
also investigated in the finite element analysis. The composites were modelled as
homogeneous, orthotropic materials. The element mesh arrays used for the three
specimen configurations are shown in Figure 9. The material properties employed
in the analysis were taken from Tables 2 and 3. Because symmetry could not be ex-
ploited due to the load arrangement, it was necessary to model the entire specimen
in the analysis. While this imposed some limitations in the fineness of the ele-
ment mesh array which could be used, the accuracy of the analysis was adequate in
most cases for computing shear stress distributions in the various specimen confi-
gurations. Figure 10 shows the depthwise distribution of in-plane centerline nor-
mal and shear stresses of a uniform depth aluminum specimen. These have been
normalized with respect to the average shear stress (Eq. 3b). The normal stresses

1
57y y sn6 P
aE» X
\N 4t \
9 NN
Hex 1.0
\x Parabolic Shear Stress
n \ < Distribution
P
16 ——Liﬂup 0.8 Ny TC VMK
N
N ’: L
el q 0.6
/ y™ ;
o
0.4 X
1 P X
i ¥ sn6 p e
oIt
N N 0.2l § B o
Ft\ % a 3 . /‘/ ‘cylf
L4 N i /x S 'lylf
LA / 0 A 1 it A
% 0.5 +1.0 +1.5 +2.0
olr

Figure 9. Finite element meshes employed for

Figure 10. Depthwise stress distribution at centerline
AFPB test specimen.

of uniform depth aluminum AFPB test specimen by
finite element analysis.
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are seen to be negligibly small, compared to the shear stresses. The axial stress
ox/T is about 4.3% of the shear stress. This is consistent with axial strain mea-
surements on aluminum shear specimens and indicates that normal stresses in the
region of interest should not have a significant effect on either stress-strain
response or failure behavior. Computed normal stresses were higher in the case

of aluminum specimens than in the case of either glass/epoxy or graphite/epoxy
specimens. The shear stress distribution in Figure 10 is seen to be in excellent
agreement with the parabolic distribution predicted by elementary beam theory, the

maximum stress by finite element analysis being within 1,5% of the theoretical value.

The shear stress distribution in two types of uniform depth composite speci-
mens is shown in Figure 1la. The magnitude of normal stresses was insignificantly
small for both materials. Note that the stress distribution deviates somewhat from
parabolic, especially near mid-depth where the shape is flatter and the maximum
value differs from the theoretical value by 4.7% for unidirectional glass/epoxy and
10.4% for cross-ply graphite/epoxy. This indicates that a significant error could
result in determining shear properties if a parabolic stress distribution were to
be assumed for uniform depth composite specimens. The results also indicate that
the actual stress distribution depends on material properties, in contradiction to
the simple beam theory. If differences in linear elastic properties are important,
then nonlinear shear properties of real composites can be expected to have a sig-
nificant effect on stress distribution, The finite element results for a glass/
epoxy specimen are compared to the moire strain field measurements in Figure 11b.
To make the comparison, the stresses determined analytically were converted to
strains using a secant modulus of Gg = 0.72 x 10% psi, which was consistent with
the measured value at the applied load during the test. This is a reasonable pro-
cedure for comparison purposes as the shear strains are nearly linear at this load
level. The agreement between analytical and measured values is seen to be reason-
ably good over the specimen depth; in fact, better than the agreement between the
latter and parabolic strain distribution mentioned previously.

1.0 1.0
Parabolic T g
Distribution \
Elementary

Specimen:

0.8 0.81" yniform Depth, Beam Theory
1002 S -Glass/Epoxy, '
Load at 800 Ib

0-8 % Unidirectional i 3 P

yW| S-Glass/Epoxy yw © Moiré Analysis

o Cross-Ply
0.4f Glass/Epoxy ox 0.4k % Finite Element Analysis
’
X’Q
7
0.2 0.2[- "/‘l
T+ VIWh
3 e e
0 1 N 0 1 1 1 1
0 05 10 15 20 0 0.1 0.2 0.3 0.4 0.5
T/t Shear Strain, %
xy
Figure 11a. Finite element analysis Figure 11b. Comparison of finite element results
shear stress distribution for uniform with moire fringe shear strain distribution.

depth composite specimens.
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Figures 12a and 12b show the finite element results for vee-notched and
fillet-notched specimen configurations. In the case of the vee-notched the com-
puted stress distribution is relatively uniform for aluminum and cross-ply graphite/
epoxy, but it is seen to increase sharply near the notches for unidirectional glass/
epoxy. The analysis employed was not appropriate for determining if the stress
condition was singular at the notches; however, it did indicate that the stress
concentration increased sharply with the degree of material anisotropy. Results
for unidirectional graphite/epoxy indicated an even more severe notch stress con-
centration than for the unidirectional glass/epoxy. It should seem that the con-
centration in this case arises from shear coupling along the flanks of the 45°
vee-notch, which results in strains that cannot be accommodated due to compatibility
requirements. The net effect is a redistribution of in-plane stresses along the
notch section and the consequent stress concentration at the notch. The shear
coupling occurs because the unidirectional laminate is not orthotropic with respect
to the normal stresses which must obtain along the notch flanks. The higher
the degree of anisotropy, the stronger the effect of shear coupling. In the case
of [0,90]g cross-ply laminates, orthotropy is retained along the notch flank; thus,
there should be no shear coupling and no stress concentration. For nearly all other
laminate configurations (a notable exception being the m/4 — quasi-isotropic lami-
nate), some degree of shear coupling can be expected.

Finite element results for fillet-notched specimens, with a notch radius of
0.125 in., appear in Figure 12b. The analysis shows the shear stresses tending
toward zero at the notch root, increasing to a maximum at about one-eighth of the
depth, and then becoming reasonably uniform in the central region of the specimen.
The results are much the same for all three materials involved. The stress in the
uniform region exceeds the average shear stress about 10%, more or less indepen-
dently of the specimen material properties. The maximum stress exceeds the average
stress by abcut 20%, depending on the material. No moire strain measurements were
made on this specimen configuration; however, in determining the stress-strain
response, results for this specimen geometry were consistent with those of uniform
depth and vee-notched specimens when the 10% adjustment to the computed average
stress was applied as suggested by the finite element results. For all materials,
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the finite element analysis indicated that normal stresses were negligibly small
everywhere at the centerline, including the notches. Any effect of shear coupling
on stress distribution at the centerline is alleviated by the zero stress condition
at the round notch. In view of this, the fillet notch geometry would appear to be
potentially the most useful specimen configuration of the three for both stress-
strain response and shear strength measurement.

Failure Behavior

A limited number of specimens of each type of material and geometry were tested
to failure to determine the location and mode of failure. Typical specimen failures
of various types are shown in Figure 13. This aspect of the demonstration tests
was not altogether successful for a number of reasons. The strength of the 12-ply
unidirectional and cross-ply S-glass/epoxy uniform depth specimens exceeded the
capacity of the test device, so that no failures were obtained for these two cases.
The fillet-notched unidirectional graphite/epoxy specimens were machined by mistake
with the fiber reinforcement direction perpendicular, rather than parallel, to the
specimen axis. This resulted in invalid test results for shear strength as the
specimens tended to fail at the loading points in axial tension. This was espe-
cially unfortunate since these were the only specimens made with this particular
geometry. Figure 13a shows the vee-notched unidirectional S-glass/epoxy specimen
for which the load-strain history was given in Figure 5. Shear cracks parallel to
the reinforcement can be seen in the moiré grating on the specimen in the vicinity

8. Unidirectional S-Glass/Epoxy

Note Permanent Shear
Deformation

b. Cross-Ply S-Glass/Epoxy
Shear Fracture

€. Cross-Ply Graphite/Epoxy

Figure 13. Typical failures in AFPB test-specimens.




of the top and bottom notch roots. In

Table 4. SUMMARY OF RESULTS ON SHEAR TEST MODE Figure 13b the vee-notched cross-ply
» mwf :"D L:c::lm glass/epoxy specimen seen was loaded to

Material o s S g ST the limit of the test fixture without
ot Satises | Unifes Rosd : fracturing. The permanent shear strain

Ko, A iatand that was incurred is evident from the

e
w'.’o’sw-quss/ Vee-notch Shear Notch root distorted appearance of the strain gage
x_'l‘mg_ Natt it o ; at the center of the specimen. The vee-
| ey O notched cross-ply graphite/epoxy specimen
X-ply S-glass/ Vee-notch Shear Mid-depth- seen in Figure 13c failed in shear; how-

epoxy centerline  ever, the fracture initiated at the
"":;.J;""'"’ o el "‘2;:‘.3&’,‘,‘,., notch root. Table 4 summarizes the

Vee-notch Shear Notch root results of tests conducted to failure.
It is important to note that ideal fail-
ure conditions (i.e., shear at mid-depth
X-ply graphite/ Uniform sengl:g/ Doubler of centerline section) were obtained
époxy Shear only in two cases. In view of this and

x':E.;J"’Mu/ Vee-notch  Shear  fNotch root  the results obtained in the finite ele-

ment analysis it appears necessary to

conduct additional testing on fillet-
notched specimens of various material types and laminate configurations to fully
evaluate the effectiveness of the AFPB test method. It appears adequate to use
uniform depth specimens for testing unidirectional composites, but not for other
laminate types. Vee-notched specimens, on the other hand, appear to be undesirable
for shear strength measurement in all cases since failure seems to initiate at the
notch root even with laminate configurations for which the moiré results showed a
uniform strain distribution across the notch section.

Fillet notch Tension Load point

V. CONCLUSIONS AND RECOMMENDATIONS

Demonstration of the AFPB shear test method must be judged a qualified success.
The work reported here has provided the groundwork for development of a shear test
fixture and suitable specimen configuration for composite materials. Some addi-
tional work is needed for further refinement of the test method and specimen geom-
etry. It was shown that the stress-strain response in shear of various types of
composite laminates would be reliably obtained short of failure with any of three
different specimen geometries. The shear modulus of an aluminum alloy control
material was determined to within 1% of the value corresponding to the isotropic
relationship between shear modulus, Young's modulus, and Poisson's ratio; this
value was within a few percent of the accepted value for 2024 aluminum alloy.
Moire fringe interference measurements showed that the depthwise strain distribu-
tion at the centerline was essentially parabolic in the uniform depth specimen
geometry and essentially uniform in the vee-notched configuration.

On the other hand, the finite element analysis, while confirming the parabolic
and uniform stress distribution in isotropic specimens of the respective geometries,
indicated that in the case of composites, the stress distribution deviates somewhat
from ideal conditions and may in fact be dependent on material properties. This was
particularly true in the case of the Iosipescu specimen where a significant stress
concentration was found at the notch root in unidirectional laminates. Shear cou-
pling deformations along the notch flank are believed to impose a redistribution of

-
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stresses at the notch section, resulting in the concentration at the root. The
fact that a corresponding strain concentration was not apparent in the moiré fringe
analysis of this type of specimen may be due to inherent lack of semsitivity of the
moiré technique near specimen boundaries, and also to the likelihood that the ma-
chined vee-notch was less than perfect, having a small but finite radius that sub-
stantially reduced the stress concentration. The modified Iosipescu (fillet notch)
specimen did not exhibit a notch root stress concentration according to the finite
element analysxs and did possess a wide region, about three fourths of the net spec-
imen depth, in which the shear stress was uniform. The analytical results point

to this specimen configuration as probably the most satisfactory for all aspects

of shear testing of composite materials. More comprehensive analytical studies of
this specimen geometry are needed to determine the most appropriate notch depth and
radius to achieve a closer approximation to uniform pure shear and a higher proba-
b111ty of shear failure away from the notch root. The analytical studies to opti-
mize geometry should be supplemented by additional tests on specimens of selected
composite laminates and also by photoelastic studies on orthotropic models.

Another aspect of the AFPB test which was mentioned briefly in Section IV con-
cerns the development of friction forces between the load fixture and the specimen.
The most likely place for this to occur is at any of the various load points where
relative motion impends or takes place as the shear specimen undergoes deformation.
An equilibrium analysis of the specimen and test fixture shows that friction forces
cannot affect the distribution of vertical forces to the specimen. The specimen
shear stresses should then be unaffected by the presence of the friction forces;
however, the latter will result in normal stresses parallel to the specimen axis.
The consequence of this is to change the stress condition from pure shear to com-
bined tension or comoression and shear. Another effect of the friction forces
would be to induce an apparent hysteresis effect in a load-unload test cycle which
would obscure the actual stress-strain behavior of the test material. As noted
previously, this was actually observed during tests on aluminum specimens. Axial
strain measurements on aluminum specimens also indicated that these normal stresses
are very small relative to the shear stresses and, consequently, should not have a
noticeable effect on either the stress-strain behavior or failure conditions. How-
ever, the spurious hysteresis effect could be undesirable in certain test situa-
tions; therefore, some modification of the test fixture is warranted which would
permit small, lateral specimen displacements at the various loading points.

Finally, some mention of other potential applications for the AFPB test method
is worthwhile at this point. The test method is not limited by any means to in-
plane shear measurements of composite materials. It is not, in fact, limited to
use on composite materials, although there does not seem to be an essential require-
ment for a shear test on materials such as metals. In addition to the characteri-
zation of shear strength and stress-strain response, as presented in this report,
the AFPB test method could be used to study other in-plane characteristics such as
notch sensitivity or fracture toughness under pure shear loading. Moreover, it
could be used to determine interlaminar shear properties of laminates and would
also appear to be useful for measuring the shear strength and compliance of adhe-
sive joints in any type of material. The AFPB test method does require further
refinement; however, it has been demonstrated to be a satisfactory procedure by
comparison with current test methods. It is recommended therefore that develop-
ment of the AFPB method be continued along the lines suggested with the goal of
producing a standardized test method for characterization of composite materials.
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A new method for characterizing the in-plane shear properties of composite materials
is discussed. The method employs an asymmetrical four-point bending (AFPB) load
arrangement which subjects the test specimen to pure shear at its centerline: the
shear stress distribution at this location is uniform or otherwise depending upon the
specimen geometry. Demonstration tests were conducted on specimens of aluminum and
two types of fiber-reinforced composites of various specimen geometries including
rectangular, vee-notched rectangular, and fillet-notched rectangular. In addition, a
finite element analysis of these specimen configurations was undertaken to determine
the depthwise stress distribution in each case. Strain measurements on test specimens
showed a parabolic distribution in rectangular specimens and a uniform distribution
in vee-notched specimens. The finite element analysis, however, showed a stress con-
centration at the notch root in the latter case, and specimens loaded to destruction
tended to fail at the notch. It was concluded that with appropriate modification in
the test fixture and specimen geometry the AFPB method developed will be an effective
test procedure for measurement of in-plane shear properties.
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showed a parabolic distribution in rectangular specimens and a uniform distribution
in vee-notched specimens. The finite element analysis, however, showed a stress con-
centration at the notch root in the latter case, and specimens loaded to destruction
tended to fail at the notch. It was concluded that with appropriate modification in
the test fixture and specimen geometry the AFPB method developed will be an effective
test procedure for measurement of in-plane shear properties.
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A new method for characterizing the in-plane shear properties of composite materials
is discussed. The method employs an asymmetrical four-point bending (AFPB) load
arrangement which subjects the test specimen to pure shear at its centerline: the
shear stress distribution at this location is uniform or otherwise depending upon the
specimen geometry. Demonstration tests were conducted on specimens of aluminum and
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the depthwise stress distribution in each case. Strain measurements on test specimens
showed a parabolic distribution in rectangular specimens and a uniform distribution
in vee-notched specimens. The finite element analysis, however, showed a stress con-
centration at the notch root in the latter case, and specimens loaded to destruction
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A new method for characterizing the in-plane shear properties of composite materials
is discussed. The method employs an asymmetrical four-point bending (AFPB) load
arrangement which subjects the test specimen to pure shear at its centerline: the

_ shear stress distribution at this location is uniform or otherwise depending upon the
specimen geometry. Demonstration tests were conducted on specimens of aluminum and
two types of fiber-reinforced composites of various specimen geometries including
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centration at the notch root in the latter case, and specimens loaded to destruction
tended to fail at the notch. It was concluded that with appropriate modification in
the test fixture and specimen geometry the AFPB method developed will be an effective
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A new method for characterizing the in-plane shear properties of composite materials
is discussed. The method employs an asymmetrical four-point bending (AFPB) load
arrangement which subjects the test specimen to pure shear at its centerline: the 5
_ shear stress distribution at this location is uniform or otherwise depending upon the —
specimen geometry. Demonstration tests were conducted on specimens of aluminum and
two types of fiber-reinforced composites of various specimen geometries including
rectangular, vee-notched rectangular, and fillet-notched rectangular. In addition, a
finite element analysis of these specimen configurations was undertaken to determine
the depthwise stress distribution in each case. Strain measurements on test specimens —
showed a parabolic distribution in rectangular specimens and a_uniform distribution
in vee-notched specimens. The finite element analysis, however, showed a stress con-
centration at the notch root in the latter case, and specimens loaded to destruction
— tended to fail at the notch. It was concluded that with appropriate modification in
the test fixture and specimen geometry the AFPB method developed will be an effective
test procedure for measurement of in-plane shear properties.
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