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Fig. 3 The ratio of shock formation speed Ms to upstream Mach
number M\ vs wedge semiangle 6 (in radians), for various values of
A/I. A broken line indicates maximal formation speed. Curves end
when an attached shock does not exists (large 5).

tion angles slightly less than the maximum angle for attached
shock waves.

Further study of these unsteady formation and cancellation
phenomena for the more complex flowfields such as that of
Fig. 1 is underway at the present and will be reported in due
course.
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Introduction

THE existing compression test methods for composite lam-
inates can be classified into four main categories: end-

loaded straight coupon, face-loaded straight coupon, point-
loaded sandwich beam, and radial-loaded ring specimen. The
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methods in the first three categories have been utilized exten-
sively. Unfortunately, the compressive strengths of unidirec-
tional composites measured by different test methods vary
significantly.1'5 The diversity could be attributed to the fact
that the stress concentrations in the specimens are significantly
different using different test methods. In addition, stability
could be a problem for some of the test methods.

Two of the most commonly used compression test methods
are the Test Method for Compressive Properties of Unidirec-
tional or Crossply Fiber-Resin Composites (D 3410-87),6
which are standard test methods utilized by the American
Society fpr Testing arid Materials (ASTM). The standard
ASTM D 3410 includes the Celanese and the Illinois Institute
of Technology Research Institute (IITRI) test methods. The
main difference between these two methods is the grip design
of the fixtures. The grip construction restricts the overall
tabbed specimen thickness of the Celanese test to around
0.157 in. (3.99 mm), whereas the overall tabbed specimen
thickness of the IITRI test can be anywhere from 0.059 in. (1.5
mm) to 0.5 in (12.7 mm).

To the author's knowledge, there is no analysis available for
the Celanese and the IITRI test methods in the open literature.
The small unsupported gauge length of the Celanese and
IITRI test specimens [both are 0.5 in. (12.7 mm)] has created
a concern that the stress distribution in the specimen may not
be uniform. Therefore, the objective of this study is to analyze
these compression test specimens.

Formulation
A schematic diagram of the Celanese gripping device is

illustrated in Fig. 1. The parameter P denotes the applied load,
and R designates the reaction force acting in a 0 degree direc-
tion clockwise from the normal direction of the matching
slanted surfaces. The normal and shear load applied at the end
tab of the specimen are denoted by N and 5, respectively.
According to the friction law, the following relation is ob-
tained:

(1)

where \i is the friction coefficient between the contact sur-
faces. The parameter F is the force required to move one
surface over another, and JFis the force pressing the surfaces
together. The value of p for clean steel on steel is 0.58 (Ref. 7).
Using this value the angle <t> can be calculated as

<f> = tan ~ fji = 30.11 deg (2)
Considering the force equilibrium in the vertical direction of
Fig. la;

PD __

sin (10 + <£)
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Fig. 1 Load transfer mechanisms between Celanese fixture and spec-
imen.
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Fig. 2 Stress distribution of an AS4/3504 0-deg Celanese/IITRI
specimen.
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Fig. 3 Stress distribution along the outer surface of a 0-deg
Celanese/IITRI specimen.

From Fig. Ib and the force equilibrium conditions, we obtain

= £ cos = 1.187P = 1.187S (4)

The ratio of the displacements u and w> is different from the
ratio of the forces S and N.

The IITRI test method utilizes trapezoidal wedge grips
rather than conical wedge grips, which are used for the
Celanese test method.5 Although the gripping devices are
somewhat different, the ratios of forces (S and N) that they
applied to the specimens are approximately the same. There-
fore, a same ratio of stresses (or displacements) can be used
for the Celanese and IITRI specimens.

Stress Analysis
A Celanese specimen is 5.5 in. long x 0.25 in. wide (139.7

x 6.35 mm), and the gauge length is 0.5 in. (12.7 mm). The
gauge length and the total length of an IITRI specimen are the
same as those for the Celanese specimen. Because of the
symmetry of the specimen and the loading condition, we only
need to model one-fourth of the specimen, as shown in Fig. 1
with an edge view. In this study a two-dimensional plane
stress, quadrilateral, isoparametric, finite element method has
been chosen for the analysis. Either stress or displacement
boundary conditions can be applied. The stress or displace-
ment boundary conditions were applied at the tabs of the
specimen. They are described in more detail in the following.

Uniform stress boundary conditions
Along end tab surfaces: applied shear stress TXZ, and normal

stress QZ, where <rz = I.IS1TXZ.
Along midplane (0,z): applied u =0, rxz =0.
Along midplane (jc,0): applied w =0, 7^ = 0.
Along the other surfaces: applied az = 7^ = 0.

Uniform displacement boundary conditions
Along end tab surfaces: applied displacements u and w.
Along midplane (0,z): applied u =0, TXZ =0.
Along midplane (x,0): applied w =0, TXZ= 0.
Along the other surfaces: applied az = TXZ =0.

The ratio of the displacements u and w is not the same as the
ratio of the stresses (or forces) applied because the stiffnesses
of the laminate along the x axis and the z axis is different. The
ratio of the applied displacements can be estimated by examin-
ing the displacements resulting from the applied uniform
stress boundary conditions. The solution of displacements
should be nonuniform under uniform stress boundary condi-
tions. Therefore, a few steps of adjustment for the displace-
ments are needed to obtain the appropriate ratio of the stresses
given earlier.

Results
The graphite/epoxy AS4/3502 has been selected for the

Celanese and IITRI specimens, and the end tab is glass/epoxy
[0/90] „. The adhesive properties reported in Ref. 8 were used
for this analysis. The mechanical properties of the materials
are summarized in Table 1. The thickness of the untabbed
region of the specimens being studied here is 0.085 in. (2.159
mm), and the thickness of the end tab is 0.068 in. (1.727 mm).
The finite element mesh that is used for this analysis contains
971 elements and 1047 nodes. The through-the-thickness di-
rections of the specimen, adhesive, and end tab contain 8, 3,
and 12 elements, respectively. Along the x axis, the respective
untabbed and tabbed sections of the specimen contain 15 and
37 divisions.

The results of the stress distributions are plotted along two
laminate sections, as shown in the subfigure of Figs. 2 and 3.
In Figs. 2 and 3, ax represents the average of the normal stress,
oX9 across the midplane (0,z). The average normal stress ax is
calculated by the total applied shear force at the end tab
divided by the cross-sectional area of the untabbed region of
the specimen. The stresses are very uniform along the mid-
plane (0,z) of the specimen, and the difference between the
stresses obtained by uniform stress and uniform displacement
boundary conditions is negligible. The stress components az
and TXZ

 are f°ur t° fiye orders of magnitude less than ax.
Along the laminate section indicated by the subfigure of Fig.
2, the solutions of ax obtained by the two applied boundary
conditions are approximately the same. The stresses az and TXZ,
again, can be disregarded.

Along the laminate section between the specimen and the
end tab (Fig. 3), the differences of the stress distributions due
to the different boundary conditions are remarkable under the
end tab region. Within the gauge length section and the neigh-
borhood of the tab tip, the ax obtained from the two different
boundary conditions are the same. Therefore, different
boundary conditions applied at the end tab only affect the
stress distributions under the end tab region of the Celanese
specimen. For a thicker specimen of IITRI test, the dis-
crepancy between the stress concentrations obtained by the
two different boundary conditions increases.

Summary and Discussion
The stress-strain distributions of the Celanese and IITRI

compression specimens have been analyzed using a quadrilat-
eral, isoparametric, finite element method. The load transfer
mechanism from the grips to the specimen was evaluated using
a strength of materials approach. Both the uniform displace-
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ment and the uniform stress boundary conditions were consid-
ered at the end tab surfaces. The results under the two differ-
ent boundary conditions are practically the same within the
gauge length section and around the tab tip. Under the end tab
region different boundary conditions (stress vs displacement)
result in significantly different results. For a thicker IITRI
specimen the stress concentrations and the stress profiles ob-
tained by the two different boundary conditions are consider-
ably different. Since there is no stress concentration in the
gauge length section of the specimen, the compressive mod-
ulus can be measured using the Celanese or IITRI specimens.
However, a preliminary study has shown that the apparent
strengths determined by these test methods are significantly
lower than those obtained from face-supported specimens.9
This suggests that stability could be a problem for the
Celanese and IITRI specimens. Additional stability analysis is
needed to confirm this result.
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I IGURE 7b was inadvertently omitted from this paper and
should have appeared with Fig. 7a as follows.
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Fig. 7 Velocity fluctuation a) and frequency spectrum b) for cavity
with L /D = 2.0, L /$» = 1000 at x/D = 0.95, y/D = 1.0.


