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Abstract-In this paper a combination of experimentation and analysis is used to identify and study
the mechanisms that govern the failure of unidirectional fiber composites under compression. The
experimental part includes experiments in which the compressive strength and the prevalent failure
mechanisms of AS4/PEEK composite are established, tests for establishing the constitutive proper
ties of the composite and its constituents. and an evaluation of the extent of misalignment of fibers
in manufactured composites. The failure load of the composite was confirmed to be affected by
geometric imperfections in the form of fiber waviness. and failure was found to lead to kink bands
with distinct orientations and widths.

Motivated by the experimental findings. the composite was idealized as a two-dimensional solid
with alternating fiber and matrix layers. each having the measured properties of the two constituents.
The compressive responses of microsections of finite width with imperfections of various spatial
distributions were established numerically. The calculated responses are characterized by an initially
stiff. stable regime terminated by a limit load instability which is associated with the strength of the
composite. Following the limit load. the deformation localized into inclined bands with distinct
widths. It has been verified that, as the localization process progresses. the fiber bending stresses at
the ends of these bands grow to values comparable to those of the fiber strength. The sensitivity of the
calculated response to the geometric characteristics of the imperfections was studied parametrically.

1. INTRODUCTION

Fiber reinforced polymer matrix composites offer higher stiffness and strength to weight
ratios than monolithic structural materials. As a result, such composites have become
attractive alternatives to aluminum in aerospace structures. More recently, these materials
are being considered for submersible vehicles (Garala, 1987) and various offshore structures
[see for example Salama (1986)] where the same advantages can lead to lighter and more
effective structures. As is the case in many aerospace structures, in these new applications,
the primary design loads are often compressive.

Early in their development it was observed that the compressive strength of such
aligned composites was significantly less than their tensile strength (Dow and Gruntfest,
1960). In spite of significant improvements in other properties (e.g. impact resistance and
tensile strength) the compressive strength of modern composites ranges between 50-60%
of their tensile strength. This significantly reduces the advantageous position of these
materials in structures in which compressive strength is the primary design requirement. As
a result, the causes of this difference have attracted considerable attention over the last 30
years. The historical development of the problem in very broad terms is as follows. Rosen
(1965), following the direction suggested by Dow and Gruntfest (1960), idealized fibers
embedded in a matrix as elastic beams on an elastic foundation in order to estimate the
compressive stress at which the fibers buckle. The lowest buckling stress is associated with
a shear mode of buckling with long wavelengths and is given by

(1)

where Gm is the elastic shear modulus of the matrix and 1'1 is the fiber volume fraction of
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the composite (using the rule of mixtures this reduces to ac ~ G12, the shear modulus of
the composite). He associated this critical buckling stress with the compressive strength of
the material. The importance of shear in the onset of instability in aligned composites was
also recognized by Hayashi (1965)t who obtained the same result from a somewhat different
direction. Although some support for the appropriateness of this intuitively satisfying
analysis came from experiments on idealized composites (see for example Greszczuk, 1975),
it was clear from its inception that for commonly used fiber epoxy systems eqn (1) yields
compressive strengths which are significantly higher than those measured. In spite of many
extensions and improvements [see for example Sadowsky et al. (1967), Lanir and Fung
(1972), Maewal (1981), Waas et al. (l990b), Lagoudas et al. (1991)] this remains the case
today for all analyses in which the constituents are assumed to be elastic.

In the majority of the commonly used fiber composites, the compressive strains at
failure are such that the matrix yields. The first effort to correct for this effect appears in
Schuerch (1966) in his analysis of boron fiber-magnesium matrix composites. The essence
of this effect, as clearly stated in Budiansky and Fleck (1993), is that eqn (I) is modified to

(2a)

where Gm is the so called reduced shear modulus of the matrix as predicted by the J2

deformation theory of plasticity and can be expressed as

(2b)

where (')m refers to the elastic properties and (. )ms refers to the secant modulus in the
inelastic case [for details, see the review of plastic buckling by Hutchinson (1974)]. Instead
of Gm, Schuerch used the "tangent modulus of the equivalent stress-strain response" of the
material modified for shear. His predicted failure stresses seem to be in reasonable agreement
with three experimental points from a boron-magnesium composite that he tested [see also
Lager and June (1969)]. However, eqn (2) in general yields predictions of failure stresses
that are lower than those of eqn (I) but still significantly higher than measured results [see
Budiansky and Fleck 1993»).

An important clue to the problem came from Argon (1972) who pointed out that fiber
composites made by normal manufacturing techniques have regions of fiber misalignment.
Compression leads to the development of local shear stresses in these regions. When these
shear stresses reach the yield stress of the composite (a?2)' the shear modulus decays, and
this results in local instability. He suggested that a more appropriate measure of the material
strength is given by

(3)

where eo is the local fiber misalignment angle, henceforth called fiber imperfection. He also
pointed out that this mechanism is indeed still a shear mode of fiber buckling but that the
local nature of imperfections, coupled with plasticity in shear, result in local buckling which
develops into a kink band. The sensitivity of composite compressive strength to a? 2 was
demonstrated by Piggott and Harris (1980) and by Piggott (1981) in experiments involving
several fibers and matrices of varying properties.

Evidence has been growing that many aligned composites under compression fail by
developing distinct bands of broken fibers which are at an angle of less than 90" to the
direction of loading. Perhaps the most notable demonstration of this mode of failure came

tPointed out by A. M. Waas.
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from Weaver and Williams (1975) who compressed a relatively low fiber volume fraction
carbon composite (ur ~ 0.36) under varying values of hydrostatic pressure. Under these
conditions, failure resulted in a local region of several kink bands which remained intact.
In fact they reported residual strengths in their specimens on the order of 50-75% of the
respective failure loads. Evans and Adler (1978) reported kink band failures in three
dimensional carbon--earbon composites. Under impact loading, fiber bundles aligned with
the loading axis exhibited various forms of kinking. The support provided by the three
dimensional microstructure enabled them to capture the failure modes in situ. Waas et al.
(1990a) used the stress concentration in the vicinity of a circular hole to initiate and capture
kink band failures. Failure by kinking was also reported by Chaplin (1977), Piggott and
Harris (1980), Parry and Wronski (1982), Hahn and Williams (1986), Hahn and Sohi
(1986), Yurgartis and Sternstein (1988) and others.

Budiansky (1983) reaffirmed the sensitivity of the critical stress to imperfections and
extended the analysis of Argon by considering the response of a zero angle kink band in
an aligned composite with an elastic-plastic shear response. If the fibers are assumed to be
inextensional, then this yields the following relationship between the applied axial stress
and the induced shear strain (,') :

(4)

where O"dy) is simply the response of the composite to simple shear [the same result was
also reported by Chatterjee and McLaughlin (1979) and by Schapery (1992) who considered
a representative section of the composite with a uniform misalignment]. In the case where
the shear response is elastic-perfectly plastic, the critical stress is obtained by replacing y
by its value at yield Yo. A significant extension of this basic idea which includes analysis of
inclined kink bands, combined axial and shear loading, and comparison with experimental
values of O"c is presented in Budiansky and Fleck (1993). [For a more detailed review of the
subject see Camponeschi (1991).]

In the present work we accept the premise of Argon's arguments and, through a
combination of experiment and analysis, try to illustrate how actual imperfections influence
the response and failure of composites to compression. We will demonstrate that failure is
initiated by a limit load instability, as implied by eqn (4), which is followed by localization
of deformation which results in kinking.

2. EXPERIMENTS

All experiments were conducted on ICI APC-2jAS4 composite with a fiber volume
fraction (vr) of 0.60 [APC-2 is a PEEK (poly-ether-ether-ketone) thermoplastic matrix and
AS4 is a PAN-based Hercules fiber]. Flat coupon-type and cylindrical solid rod specimens
were cut from a 12 x 24 x 0.75 in (305 x 610 x 19 mm) plate which was hand laid using 12
in (305 mm) wide prepreg. Ring and tubular specimens were machined from thin-walled,
filament wound tubes made from 0.25 in (0.635 mm) tape of the same material. Four
different sets of experiments were conducted with the following objectives:

(i) establish dependable values of the compressive strength of the material;
(ii) provide basic information on the causes and results of failure;

(iii) provide a quantitative assessment of the imperfections present in the material
used:

(iv) establish a complete set of mechanical properties first of the composite and
secondly of its constituents, in order to facilitate the analytical phase of the work.

A summary of the experimental procedures and of the results of each of the first three
efforts are presented below. Material characterization experiments and results are briefly
outlined in the Appendix. The measured properties are listed in Table 1.
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Table I. Material properties measured

(a) APC-2/AS4 Composite

E11msi E22 msi G l2 msi
(GPa) (GPa) (GPa) V12 Vr

18.62 1.533 0.84 0.3 60%
(128) (10.57) (5.79)

(b) AS4 Fibers

Ermsi iTrksi
(GPa) (MPa) nr Vr

31.0 600 1.9 0.263
(214) (4.14)

(c)APC-2 Matrix

Emmsi O'mo ksi
(GPa) (MPa) Vm

0.89 11.9 0.356
(6.14) (82.1)

2.1. Compressive strength experiments
Compression tests are inherently difficult and require consideration of specimen stab

ility and load alignment as well as high stiffness testing facilities. These difficulties are
accentuated in the case of aligned composites which have high axial strength and stiffness
but have poor transverse properties. The response to axial compression and strength of the
composite studied was established through two types of experiments which were selected
because they maximize load uniformity in the test section and specimen alignment and also
minimize end effects.

The first method involved testing of 0.375 in (9.525 mm) diameter cylindrical rod
specimens ground from square blocks cut from the plate mentioned before. The test sections
were 1.0 in (25 mm) long and 0.325 in (8.255 mm) in diameter. The specimen's overall length
was 3 in (76 mm). Steel cylindrical end supports with honed bores were snugly fitted to the
ends of the specimens as shown in Fig. 1. The assembly slides inside a thick aligning sleeve

End Support

Strain Gage

Test Specimen

Aligning Collar

Hardened Plate

Fig. I. Compression test fixture for unidirectional, circular rod composite specimens.
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Table 2. Measured compressive strengths
and corresponding strains

(a) Rod experiments

l1e ksi Be

Number (GPa) (%)

163.1 1.041
(1.125)

2 163.7 1.026
(1.129)
151.4 0.948

(1.044)
4 165.1 1.018

(1.139)
167.7 1.040

(1.156)

(b) Confined ring experiments

l1e ksit Be

Number (GPa) (%j

142.4 0.859
(0.982)

2 157.0 0.968
(1.082)
175.5 1.088

(1.210)
4 131.0 0.779

(0.903)
174.2 1.080

(1.201 )
6 148.4 0.907

(1.024)
7 167.8 1.040

(1.157)
8 140.1 0.843

(0.966)
9 158.4 0.978

(1.093)
10 152.6 0.939

(1.053)
11 155.2 0.956

(1.070)

t Calculated values

as shown in the figure. All sliding surfaces were ground and honed to close tolerances. The
axial load was applied through hardened and ground end plates which were in contact with
parallel rigid bearing plates connected to a universal testing machine. Loading was applied
under displacement control and resulted in a strain rate of 0.0067% per second. Small
strain gages bonded to the specimen test section were used to measure the axial strain.

Five experiments of this type were carried out. In all cases failure was sudden and
catastrophic and resulted in the breaking of the specimen into two sections. All failures
occurred in the specimen test section. The maximum stress and strain recorded in each case
are listed in Table 2(a) and plotted in Fig. 2.

A second set ofcompression experiments involved hoop wound thin-walled rings tested
in the confined arrangement shown in Fig. 3 [similar to that proposed in Tarnopol'skii and
Kincis (1985); also used by Kim and Tsai (1988)]. The composite ring is stabilized by a
thick, contacting compliant ring. The two ring assembly is inserted into a stiff retainer as
shown in the figure. The compliant ring is axially compressed through a stiff loading ring.
The radial deformation of the polymeric ring causes circumferential compression of the
test specimen. The circumferential strain in the specimen was monitored by three strain
gages bonded on the inner surface of the specimen. The specimens were ground finished to
an outer diameter of 3.820 in (97.3 mm) and wall thickness of 0.026 in (0.66 mm). The
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Fig. 2. Critical strains and stresses from experiments on APC-2/AS4 rod and confined ring specimens.

geometry and material properties of the compliant ring strongly affect the performance of
this testing scheme. In our case, a 0.62 in (15.7 mm) thick, high density polyethylene ring
was found to provide the radial support required to avoid buckling and a compliance that
kept the load requirements within the 50 kip (220 kN) range of our testing machine. More
details about the design and operation of this testing device can be found in Arseculeratne
(1993).

This testing scheme has the advantage of being free of end effects which playa spoiler
role in many standard compression testing methods used in composites [see a critical review
in Arseculeratne (1993)]. The arrangement used in this study was found to result in uniform
deformation in the specimen up to failure. A disadvantage is that the stress in the specimen
is not easily measured with accuracy and will not be quoted for this set of results.

Eleven composite rings were tested to failure using this test method. In all cases the
failure was sudden and catastrophic and took the form of one sharp break, as shown in
Fig. 4, which was at a small angle to the axis of the ring. This angle varied from specimen
to specimen and was in the range of OC to 15°. The failure strains achieved are listed in
Table 2(b) and also appear in Fig. 2 (the failure stress was evaluated from the compressive
stress-strain response of the material using the measured failure strains). Comparing the
two sets of failure strains, it is interesting to observe that the highest values recorded came
from the ring specimens. At the same time, the ring results exhibit significantly larger scatter
than the rod results. It is the premise of this paper that fiber imperfections playa decisive
factor in the failure of the material. It was observed that the innermost layers of the filament
wound rings had larger imperfections than bulk material. We believe this to be the cause
of the larger scatter in the ring results.

Overall, the higher values of failure stresses and strains in Tables 2(a) and (b) are
among the highest reported to date for this material [Kim and Crasto (1992) reported
strengths from composite-matrix sandwich test specimens which are 28% higher].

2.2. Failure modes

2.2.1. Confined rod experiments. As reported above, the failure of aligned composites
under compression is sudden and catastrophic. As a result, the evaluation of the mechanisms
that are responsible for failure from fractographic analyses is difficult. We observed that
the most effective reports of kinking in fiber composites came from experiments in which
the failure region was confined either by the composite itself (Evans and Adler, 1978) or
by the loading scheme used (Weaver and Williams, 1975; Waas et al., 1990a). Indeed,
confinement of the test specimen is a standard practice in the testing of other materials with
a high degree of anisotropy such as rocks, where kinking is the prevalent mode of failure
[see for example Paterson and Weiss (1966)].
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(a)

Loading Ring -"?""""~

Stiff
Retainer

Composite
Specimen

(b)
Fig..'. Confined ring tester: (a) photograph of device; (b) schematic of device and components.

Fig. 4. Photograph of a failed ring tested in the confined ring tester.
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Fig. 7. Pictures of specimens with failure zones preserved due to confinement: (a) specimen with
multiple kink planes. Several were formed at the initiation of failure and others subsequently at the

propagation stress level; (b) specimen with four kink planes formed at the initiation of failure.
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Fig. 8. A higher magnification view of the specimen in Fig. 7(a) [rod diameter = 0.375 in (9.53
mm)].
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Fig. 9. Photomicrographs ofthree kink bands on the surface of a specimen.
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Fig. 10. Kink bands on a plane passing approximately through the axis of the rod obtained by
grinding a failed specimen: (a) global view: (b) high magnification view.
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Fig. II. Photomicrographs ora failure plane: (a) global view of failure plane; (b) detailed view of
relief of failure plane caused by kinking at three levels; (c) high magnification view showing fibers

which have failed by bending (fiber diameter = 7/lm).
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Fig. 12(a). Photomicrograph of APC-2jAS4 prepregshowing bands of misaligned fibers· (b)

photomicrograph of composite after curing showing similar bands of misaligned fibers.
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Fig. 13. A higher magnification view of a band of misaligned fibers in the composite tested.
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End Support

Strain Gage

Test Specimen

Aligning Collar

Fig. 5. Compression test fixture used to test composite rods with confined ends.

From preliminary experiments we confirmed that confinement was a method oflimiting
the extent of post-failure deformation. The experimental arrangement that was used to test
solid rod specimens was modified somewhat in order to cause failure to occur in a confined
region of the specimen. The modified arrangement is shown in Fig. 5. It differs from that
shown in Fig. I in two ways. The test specimen cross section is uniform [0.375 in (9.53 mm)
diameter] and the cylindrical end supports are now 1.25 in (31.8 mm) long. Under these
circumstances a small stress concentration (estimated to be of the order of 1.1~1.2) develops
near the outer radius of the specimen at the interface with the corner of the hardened plate.
As a result, failure initiated at one of the confined ends. Under displacement controlled
loading. the extent of failure could be limited.

A typical axial stress versus end-shortening response obtained from such an experiment
is shown in Fig. 6. The pre-failure response is essentially the same as that from the more
conventional specimens reported in Section 2.1. Failure was again sudden and occurred at
a stress level which was generally somewhat lower than those in Table 2(a) [158 ksi (1.09

0""
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o

Fig. 6. Axial stress end shortening response recorded in a confined rod experiment.
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GPa) for the case shown]. In the process, the load dropped by approximately 30% in a
dynamic (uncontrolled) way. The failure is local in nature and took the form of kinking
which is confined to planes (approximately) that are at an acute angle to the 2-axis of the
material. Figure 7(a) shows the surface of a specimen failed in this fashion. Failure initiated
at one end of the test specimen and was arrested due to the radial confinement. Confinement
limits the extent to which the kink bands can deform and, as a result, the energy that can
be dissipated. Initially, the loaded specimen has sufficient energy for the formation of more
than one kink plane each of which is initiated from the weakened region formed at the
termination of the previous kink plane. In this experiment, compression was continued past
first failure and resulted in the jagged load plateau seen in Fig. 6. Each load peak on the
plateau corresponds with the initiation of one or two additional kink planes. A total of 14
kink planes were formed before loading was terminated [12 of the kink planes can be seen
in Fig. 7(a)]. All kink planes are oriented in such a way so that their normals are approxi
mately co-planar.

Additional experiments were conducted in which the failure mechanism outlined above
was found to be repeatable. In order to better understand the sequence in which the events
described above take place, several experiments were terminated after the first drop in load
was recorded. A test specimen from such an experiment, shown in Fig. 7(b), can be seen to
have developed only four kink planes. A total of five such experiments were conducted and
the number of kink planes formed during this initiation stage of failure was found to vary
from three to seven.

In order to assess the effect of confining pressure on failure, in several experiments
the diameter of the rods was varied by a small amount [within 7 x 10- 4 in (18 pm) ; some
rods had to be press fit into the end sleeves] thus varying the initial contact pressure
provided by the end sleeves. This did not affect either the stress at initiation of failure (ad
or the stress plateau (ap) at which the number of kink planes form in a noticeable way. The
variation in these critical stresses in the experiments conducted was as follows:

o-ct o-pt
ksi (GPa) ksi (GPa)

138-158 112-119
(0.952-1.09) (0.772--0.821)

t 10 experiments t 5 experiments.

One observable effect that the confinement had on failure was that as the confining pressure
increased, the deformation in the kink planes (rotation of broken fibers) was reduced.

From these experiments we conclude that once failure is initiated inside the confined
configuration described, more kink planes can be developed at a well defined stress level
which is lower than that which was required to initiate failure. This type of behavior is
reminiscent ofother propagating instabilities known to affect several materials and structures
[see Kyriakides (1993)]. This class of instabilities are characterized by three phases. The
first is the initiation phase where the structure becomes unstable for the first time. This
global instability is usually associated with a load maximum (limit load). The limit load is
usually followed by localization of deformation which is the second characteristic phase.
Localized deformation is then arrested due to reasons that are unique to each of the
problems exhibiting this behavior. Finally the instability starts spreading (propagating)
into the intact domain of the structure. The lowest load at which the instability will spread
corresponds to steady-state quasi-static propagation and is given the name of propagation
load. In many of the known examples of this behavior, the propagation load is significantly
lower than the load required to initiate instability in the intact structure.

Clearly, the present problem has the three phases described above. In the theoretical
section of this work we will demonstrate that the material exhibits a limit load instability
[this is in fact also implied by eqn (4)] which is very imperfection sensitive. We will also
demonstrate that kinking is the final stage of localization. In our confined rod experiments,
kinking in a particular plane is arrested when it reaches the wall of the confinement. The



Compressive failure of fiber reinforced composites 705

weakened region around the intersection of the previous kink plane with the confining wall
acts as the initiator for the formation of the next kink plane.

In other problems exhibiting propagating instabilities, the propagation load is a charac
teristic load of the solid or structure. In the present problem, it is not yet clear whether (jp,

as defined, is a characteristic stress of just the finite, confined configuration we used or if it
is representative of the stress of propagation of kink planes in bulk material.

2.2.2. Kink planes and kink bands. Kink planes and kink bands from the confined rod
experiments were studied in detail using optical and scanning electron microscopes. Two
sets of observations and measurements were made. The first involved kink bands on the
cylindrical surface of specimens and the second involved kink bands in the interior of a
specimen. Figure 8 shows a higher magnification view of several of the kink planes on the
surface of the specimen shown earlier in Fig. 7(a). The intersection of the kink planes with
the cylindrical surface of the specimen is not straight indicating that, rather than being
planes, the kinked regions are somewhat curved, at least at their outer edges. We also
observe that fiber rotations in adjacent kink planes are in opposite directions for maximum
compatibility with the confinement.

Micrographs of three kink bands from the surface of this specimen are shown in Fig.
9. As reported by others, the kink bands are bands of broken fibers. The kink bands were
found to be oriented at angles of 12" to 16() to the 2-axis of the material. The widths of
these kink bands were found to vary from 0.003 to 0.010 in (76 to 255 tim) or approximately
from II to 36 fiber diameters (AS4 fibers typically have diameters of 7 tim). These ranges
of kink plane angles and kink band widths were repeatable in all experiments conducted.

A view of the kink planes inside another specimen is shown in Fig. lO(a). In this case,
a failed specimen was potted in a steel/epoxy potting compound and approximately half of
it was removed by surface grinding along the axis of the rod. As remarked upon earlier,
the kink planes are oriented in such a way that their normals are co-planar. This claim is
supported by the view shown in Fig. 10(a) which comes from a plane very close to the one
formed by the normals to the kink planes. Most of the intersections of adjacent kink planes
are seen to have congruent angles and to occur at the widest point of the specimen. We also
observe that in this plane the kink bands are quite straight and their widths vary less than
those on the surface of the specimen. The kink band angles vary between IT and 16.5,
that is, they are approximately the same at the angles measured in kink bands on the surface
of the specimen. The kink band widths vary between 0.0058 and 0.0087 in (150-220 tim)
or approximately between 20 and 30 fiber diameters. At the top of the specimen we observe
the intersection of the cut plane with a concave kinked surface which spans the width of
the specimen. We suspect that this was the location where failure initiated.

Several intersections of kink planes can be seen in Fig. 10(a). An expanded view of
one of the intersections is shown in Fig. lO(b). The opposite orientations of the kinked
fibers in adjacent kink planes is clearly visible. The detail of the corner of intersection of
the two planes supports the premise that the termination of a kink plane provides the
imperfection for the initiation of the next kink plane.

Another failed specimen was separated into two pieces. along one of the kink planes,
by lightly tapping on the intact end of the test specimen. Figure II shows three views of
increasing magnification of this plane. In Fig. 11 (a) we observe that the failure surface has
distinct relief which resulted, at least in part, from separating the failed specimen into two
sections. The nature of this relief is clarified in Fig. II (b) where kinking is seen to have
taken place on at least two different levels. Figure II (c) shows a much higher magnification
micrograph which gives us details about the nature of failure at the fiber level. The fibers
failed by bending and, at least in this neighborhood, the direction of bending is uniform
[similar bending failures have been reported in Ewins and Potter (1980)].

2.3. Fiber imperfections
Although it is well known that fiber imperfections play an important role in the failure

of aligned composites. quantitative information on such imperfections is very limited
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1 mm
Fig. 14. Sketch of distribution of fiber imperfections in a representative composite section.

[Yurgartis (1987) made local measurements of fiber misalignment]. Imperfections are intro
duced during the manufacturing of the material (e.g. the prepreg) and of the structure.
Prepreg manufacturing methods are often proprietary and vary from one manufacturer to
another. The manufacturing of composite structures is even more varied, and in each
process fiber imperfections depend on a number of variables. Information on the effect of
each variable on compressive strength is non-existent. Indeed, in view of its importance,
this area seems to be in need of a more serious examination.

A limited effort to quantify imperfections present in the material used in this study
was undertaken. Our bulk composite was a 0.75 in (19 mm) plate assembled by hand laying
0.005 in (0.125 mm) prepreg. Sections at different depths through the plate were examined
under a microscope in order to understand the nature of fiber imperfections. A low mag
nification view of approximately what was observed at all depths appears in Fig. l2(b).
Although some fiber misalignment exists throughout the material, imperfections are more
severe in bands which are periodically distributed along the 2-axis of the composite. A
close-up view of one of these imperfection bands is shown in Fig. 13. This particular one is
approximately 0.04 in (1 mm) wide and the increased waviness of the fibers within it is
quite obvious. At the same time, the density of the fibers inside the band is smaller than
that of the neighboring material.

The spatial distribution of imperfection bands in a somewhat larger section [0.24 in (6
mm) square] of the material is shown schematically in Fig. 14. The bands are rather
regularly spaced, and several continue over the whole height of the region shown whereas
some terminate in this region. The distance between the bands varied between 0.040 and
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0.060 in (1.0--1.5 mm), and band widths of up to 0.15 in (3.8 mm) were measured. The fiber
waviness inside the bands was three-dimensional in nature (in plane and out of plane).

The rather regular distribution of the bands suggested that they may be the result of
the manufacturing of the material rather than the plate. Indeed, this was confirmed by
conducting a similar examination of the prepreg used to construct the plate. A micrograph
of the prepreg is shown in Fig. 12(a). Similar types of imperfection bands as those seen in
the plate can clearly be observed here (note that this is a thermoplastic and, as a result, the
prepreg is in a cured condition). In some cases the bands are so well formed that light
passes through them.

The process used to manufacture this prepreg is proprietary. In broad terms, however,
a 12 in prepreg is made by feeding 54 0.25 in fiber bundles wetted with matrix through an
aligning and pressing machine. Each of the bundles is made up of four 3000 fiber tows.
This implies first, that some overlapping of fiber tows takes place, and second, that the
nominal spacing between the tows is 0.055 in (1.4 mm). In view of the closeness of this
distance to those we measured, and lacking additional information, we speculate that the
imperfection bands seen in the prepreg may have originated from the interfaces of the
bundles and of those of the constituent tows. Whatever the cause of uneven distribution of
fibers in these bands, subsequently, during manufacturing ofa laminate, they become bands
of higher resin content. During cool down, the alignment of fibers in these bands may even
get worse resulting in the types of imperfections shown in Fig. 13. The distribution of these
bands varies sufficiently across one prepreg that it is reasonable to expect that the dis
tribution of the bands through the thickness of the plate will vary from lamina to lamina,
that is every five thousands of an inch. However, we reiterate the fact that the waviness
within each band is three-dimensional.

Although these observations come mainly from the particular prepreg used to manu
facture the composite specimens of this experimental program, we point out that similar
imperfections have been observed in at least one more commonly used thermoplastic
prepreg. The importance of such imperfections to the compressive strength of the composite
is high. In view of this, the subject requires a more careful investigation.

The nature of fiber waviness inside several of the imperfection bands were examined
in some detail. The imperfections measured were found to have half wavelengths (A) and
amplitudes (a) in the following ranges [normalized by the fiber diameter which is taken to
have the nominal value of7 ,um (0.28 x 10- 3 in)]:

)./h a/h

150-400 3-10

No further correlation between the measured amplitudes and wavelengths was observed.
Fiber imperfections outside the bands were in general much smaller in amplitude than the
ones quoted above.

3. ANALYSIS

It is instructive to first consider the compressive strengths of our specific composite
which are predicted by various bifurcation calculations, that is, by analyses in which the
fibers are assumed to be perfectly aligned and failure is associated with the stress at which
the first alternate equilibrium becomes possible. We will quote results from the elastic fiber
elastic matrix analysis of Rosen (1965) [i.e. eqn (1)] and from its improved version given
in eqn (2) in which the plasticity of the matrix is taken into account. A more general
stability analysis of the same problem in which composites with alternating layers of two
isotropic, nonlinear, finitely deformed solids are compressed under plane strain conditions
was developed by Triantafyllidis and Maker (1985) and extended in Geymonat et ai. (1993).
This analysis was used (TriantafyUidis, 1993) to establish critical stresses for our composite
using the measured nonlinear properties of both constituents presented in the Appendix
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(both materials were idealized as 12 deformation theory solids). The critical strains predicted
by each of these three analyses are as follows:

Analysis sc(%)

Rosen (1965) equation (I) 4.4
Equation (2) 3.37
Triantafyllidis (1993) 2.9

The predicted failure strains are seen to be uniformly higher than those measured in our
experiments (see Table 2). In spite of its refinements, the last of the three analyses quoted
above yields bifurcation strains which are almost three times those measured. This difference
reinforces Argon's argument (1972) that fiber imperfections playa decisive role in the
compressive strength of such composites. Influenced by this, we use the insight developed
in the experimental phase of this study to model and simulate the onset and progression of
failure in imperfect composites using representative microsections of the material. Although
it is realized that inertial effects do influence the progression of at least the type of failure
observed in our experiments, they will be neglected in this first attempt at the problem.

The composite is idealized as a two-dimensional periodic array of imperfect fibers and
matrix as shown in Fig. 15. (This is partly motivated by the experimental observation that
the normals of all kink planes in the rod specimens were co-planar.) Fibers are assumed to
be of uniform thickness h. The matrix layers have the width necessary for Urn to have the
required value (0.40 for most calculations). Waas et al. (1990b) and Babich and Guz (1992)
demonstrated that free boundaries lower the bifurcation load of such composites. In view
of this, the composite microsections analysed were of finite width b, which will be defined
by the number of fibers nf.

The properties of each constituent are those measured in the experiments described in
the Appendix, that is, the properties of AS4 fibers and PEEK (APC-2) matrix. The matrix
is modeled as an elastic~plastic isotropic solid which undergoes finite deformations (finite
deformation, 12 flow theory of plasticity). The stress-strain response used is that in Fig. A4

I
I

J

b 'I

20

I
I

Fig. 15. Geometry of idealized composite microsection with sinusoidal imperfections.
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with the assumption that the material is perfectly plastic beyond a strain of 8%. Any rate
dependence of this response is neglected at this stage. Although it is well known that carbon
fibers are anisotropic [see Johnson (1987)], relatively little is known about their transverse
properties. In this study they were idealized either as linear or as nonlinear, isotropic solids
with an axial stress~strain response corresponding to that obtained from compression (Fig.
A6). The nonlinearity was modeled through the J2 deformation theory of plasticity using
the data provided in Table I(b). In cases where the fibers were assumed to be linearly
elastic, the elastic modulus and Poisson's ratio given in Table I(b) were used. The domain
of each problem is discretized with finite elements using the computer program ABAQUSt
with eight node biquadratic elements.

The main thrust of the analysis is to use the experimental observations about the
nature and magnitude of fiber imperfections in our composite to investigate their effect on
the onset and progression of compressive failure. Fiber imperfections will be sinusoidal, but
microsegments with several different spatial imperfection distributions will be considered.

3.1. Uniform sinusoidal imperfections
The first case analysed involves a microsection of width b which has uniform sinusoidal

imperfections of the type shown in Fig. 15. The imperfections are represented by

1r., I
VI) = a cos --;:-

I.
(5)

where a is the amplitude and 2A their wavelength. Because of symmetry, it is sufficient to
consider a microsection oflength (L) ofonly one quarter of the imperfection wavelength. We
will discuss the major features of the calculated response of such a composite microsection
through an example in which the fibers are assumed to be linearly elastic, A = 150h, a = 2h,
and nf = 60. The calculated average axial stress (0"1 d--end shortening (b) response is shown
in Fig. 16(a). The initial and five deformed configurations of the microsection are shown
in Fig. 17 (for better interpretation of the deformation fields, the microsections shown are
half a wavelength long). The configurations are numbered so as to correspond to the points
identified by numbers in circles on the 0"11-15 response.

The response in Fig. 16(a) initially is relatively stiff and almost linear. It becomes
progressively nonlinear and, at a stress of approximately lSI ksi (1.04 GPa) and a strain
of 0.79%, a load maximum is reached (point 0). This progressive reduction in the stiffness
of the specimen is partly due to the geometric nonlinearity resulting from the imperfection
combined with the nonlinearity of the matrix. In the central part of the microsection, where
the fibers had the largest initial misalignment, in addition to axial stress the matrix is
required to support increasingly higher shear stresses. As the two stresses increase, the
modulus of the matrix decreases (see Fig. A4). As a result of these nonlinearities, the overall
stiffness of the composite is progressively reduced, and a limit load eventually develops. In
this case, at the limit load, the equivalent stress in the matrix reached a maximum value (in
the central part of the specimen) of approximately 20.5 ksi (141 MPa), and its shear
modulus was reduced by approximately 90%. The maximum compressive and tensile
stresses in the fibers are plotted in Figs. 16(b) and (c) respectively. At the limit load (point
0) they are seen to be compressive throughout the specimen and, away from the ends, are
approximately 260 ksi (1.79 GPa). At the two free edges, modest stress concentrations are
observed which decay within a boundary layer of a few fibers (on the order of five).

Beyond the limit load, the axial stress is seen to decrease and, at the same time, the net
contraction (b) of the microsection also decreases (Riks' method, as modified in ABAQUS,
is used to trace this part of the response). 0"1] and b continue to decrease simultaneously up
to approximately point ® on the response when (5 starts to increase again while the average
stress that can be carried continues to drop. The cause of this behavior becomes evident
from the microsection deformed configurations. Following the limit load, the deformation
localizes to a band which can be seen in configurations Q) - ~ in Fig. 17 to have distinct

t We are grateful to Hibbitt, Karlsson and Sorenson. Inc. for making ABAQUS available under academic license.
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Fig. 16. Analysis of a microsection with uniformly distributed imperfections: (a) axial stress--end
shortening response; (b) maximum compressive stresses in fibers at several points on response; (c)

maximum tensile stresses in fibers at several points on response.
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widths and orientations (the black dots marked on the deformed configurations represent
the positions of maximum moments in the fibers). Beyond the limit load, as we progress
down the response, in this band the shear connection provided to the fibers by the matrix
degrades considerably. The matrix shears significantly, and the fibers undergo significant
bending. Because the axial stress is decreasing. away from this highly deformed band, the
composite unloads elastically. In the case shown, the specimen is long enough such that the
axial deformation recovered from the section away from the highly deformed band is
initially much higher than the axial shortening in the band. The net result is elongation of
the specimen. This causes the cusp-like response exhibited after the limit load [see Kyriakides
(1993) for a number of other examples of such behavior). Beyond point @ the deformation
in the band is much more than that recovered from the rest of the specimen and, as a result,
it dominates the response. [A finite element analysis of a similarly imperfect composite
microsection was reported by Guynn 1'1 at. (1992). They assumed the deformation to remain
sinusoidal and, as a result, the localization of deformation following the limit load was
suppressed, although limit stresses and strains predicted by such a model would be com
parable to the results presented here. Unfortunately, the predicted initial stiffness of their
microsection was much lower than that of the APC-2/AS4 composites they modeled, and
the predicted critical strains were high due to the very low value of En that was used in
their calculations.]

The maximum compressive and tensile fiber stresses plotted in Figs 16(b) and (c),
respectively, are quite revealing about the possible cause of failure. Up to point @ no
tensile stresses are observed. The applied compressive stress is higher than the tensile
component of the bending stresses. The stress concentrations at the two free surfaces on
the left and right increase but still decay within a few fibers from the free end. As fiber
bending in the highly deformed band increases. tensile stresses develop in the fibers which
are seen to progressively grow to very substantial values for points 0-® on the response.
In addition, the maximum values of the compressive as well as the tensile stresses are seen
to vary to some degree across the specimen width. For example, at point @, the maximum
tensile stress is of the order of 200 ksi (1.38 GPa), and the maximum compressive stress is
of the order of 450 ksi (3.1 GPa). At point (') the maximum tensile stress has reached 300
ksi (2.07 GPa) and the maximum compressive stress has exceeded 500 ksi (3.45 GPa). The
corresponding values at point ® reach levels of more than 500 and 800 ksi (3.45 and 5.5
GPa), respectively. If the deformation of the specimen is continued past this point the
tensile stresses grow to even higher values.

The tensile strength of AS4 fibers is quoted [manufacturer specifications; see also
Donnet and Bansal (1990)] to range from 300 to 800 ksi (2.1 to 5.5 GPa) ; in contrast, the
tensile strength of the fibers. back calculated from a tensile test on the composite, is
approximately 500 ksi (3.45 GPa). Information on the compressive strength of fibers is
even less precise but it is expected to be higher than the tensile strength. (Ideally, what is
required for the purposes of this analysis is the bending strength of fibers embedded in a
matrix. Results from single fibers may not be representative of the strength of fibers in a
composite.) Thus, it is difficult at this stage to pinpoint the onset of failure on the response.
In spite of this, it can be concluded from the evidence presented that the specimen analysed
will fail due to fiber bending somewhere beyond point ® [Fleck 1'1 at. (1993) reached a
similar conclusion following an alternate method of analysis].

A detailed examination of the evolution of the highly deformed band in the middle of
the microsection analysed is worthwhile. As in other plastic buckling problems, localization
of deformation starts immediately after the limit load. By configuration Q) in Fig. 17(a),
localization is seen to take the form of a distinct band of higher deformation. The band is
oriented at approximately 7.2 to the y,-axis of the material (henceforth called angle f3) and
has a width (\1') of approximately 13 fiber diameters (l3h). The band becomes more
distinct in configurations @ and ® although these geometric characteristics do not change
significantly. However, by configuration @. f3:::: 10.8 and H':::: 19h, and in configuration
®, f3 ;::: II.T and w ;::: 23h. The fibers in these bands are still intact and thus one-to-one
comparison with the orientations and widths of the kink planes measured is somewhat
unfair. However, it is interesting to observe that both the orientations, as well as the widths
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Fig. 18. Comparison of axial stress--end shortening responses of microsections with different widths.

of the bands in the last two configurations in Fig. 17(b), are quite close to the corresponding
values measured in the kink planes. This provides further support to the failure scenario
described above that the kink planes seen in failed composite specimens are the result of
localization of deformation after the limit load. Since the maximum fiber bending stresses
occur at the boundaries of this band, failure can be expected to start at the free surfaces.
Even though the sequence of events that would follow the progressive breaking of fibers
cannot be predicted from the present results, it is reasonable to conjecture that the orien
tation of these bands is related to the kink band angles seen in the experiments.

3.1.1. Eflect of microsection width. The specimen analysed has free vertical edges. It
has already been demonstrated that stress concentrations develop at these edges. Thus, it
is instructive to examine how these edge effects affect the compressive response of micro
sections with different widths. To this end, microsections with the same imperfection
parameters as those of the case in Fig. 16 (A = 150h, a = 2h), but 90 and 150 fibers wide
were compressed in the same fashion as described above. The (Tll-c5 responses of the three
microsections are compared in Fig. 18. The responses are very similar except that, as the
specimen becomes wider, the critical stress increases somewhat (see also Table 3). Thus, as
expected, the effect of the free ends on the critical stress becomes less pronounced as the
specimen becomes wider.

The angles and the widths of the highly deformed bands in these three specimens at
an average strain of 1.2% are listed in Table 3. As can be seen both remain relatively
unaffected by the specimen width. (Note that due to the symmetries assumed at the top
and bottom of the microsection, for any chosen value of A, there exists a limiting value of
microsection width beyond which the highly deformed band starts to be constrained by
these symmetries. Beyond this critical width, at any selected value of average axial strain,
f3 decreases as nf increases.)

Table 3. Comparison of critical stresses, band angles and widths for mic
rosections of three different widths

(Jc

Ie a ; IV
ksi

- - nf fJ" (GPa)
h h ___a__.. h-------

150 2 75 60 23 11.7 151
(1.04)

150 2 75 90 22 11.7 157
(1.08)

150 2 75 ISO 25 10.9 160
(1.10)
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3.1.2. Effect ofmicrosection height. The sharpness of the cusp-like unloading response
depends on the height of the specimen analysed. For example, the response of a microsection
one third as tall as the one in Fig. 16 (L = )./2, ). = 50h and 0 = h), shown in Fig. 19,
exhibits no cusp and the end shortening monotonically increases. The width of the highly
deformed band can be seen in Fig. 20 to be of the same order as that of the longer
specimen shown. Thus, the length of the section of this specimen which unloads elastically
is significantly shorter, and the shortening in the highly deformed band overwhelms the
lengthening contributed from the part that unloads.

In these analyses we assumed that the initial imperfection varies sinusoidally along the
fiber direction and that the deformed patterns in Figs 17 and 20 repeat every half a
wavelength. As was discussed in the experimental section, in actual composites the ampli
tude of fiber imperfections varies with position. One of the effects of such variations can be
illustrated by considering a microsection with the following imperfection

(6)

We arbitrarily select n = 7/2, 0\ = 0.1 h and leave all other problem variables the same as
those given in Fig. 19. The (TIl - 6 response of this microsection is compared to that from

I

'II
III

III /11
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III 'II. III III

III 'II.
Il/l/ /7

1\\11 II

Fig. 20. A deformed configuration from specimen with length of 1-'2.
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Fig. 21. A deformed configuration for specimen with length of 7A/2.

the shorter specimen in Fig. 19. A deformed configuration of this case is shown in Fig. 21.
The two responses are almost identical up to the limit load [the small difference in the limit
loads is due to the somewhat larger imperfection amplitude at XI = 0 implied by eqn (6)].
After the limit load, the deformation localizes in a band of similar dimensions as the one
in the specimen in Fig. 20. However, the length of the section of the specimen which unloads
after the limit load is somewhat larger than 3A.. As a result, the 0'11-6 response exhibits a
very significant cusp (see Fig. 19).

The results presented above illustrate the highly unstable nature of this type of
composite. However, the quasi-static responses calculated are, almost certainly, unat
tainable in practice for the following reasons. In a typical experiment, the specimen will be
significantly longer than the lengths of the microsections analysed and, as a result, at the
limit load they will have stored significantly higher levels of energy. The cusp-like unloading
response will be even sharper than the one shown in Fig. 19. Thus, even under displacement
controlled loading, on reaching the limit load, the specimen will snap dynamically, bridging
the cusp. The kinetic energy will be provided by the unloading of the specimen. During this
dynamic localization process, the fibers in the highly deformed band can be expected to
develop bending stresses that are high enough to cause the type of failure shown in Fig. 11.

3.1.3. Effect offiber nonlinearity. In producing the results presented above, the fibers
were assumed to be linearly elastic. In reality, they are elastic but somewhat nonlinear (see
Fig. A6). The effect of this nonlinearity on the calculated response of microsections, such
as the ones described above, was evaluated by idealizing the fiber as a /2 deformation theory
solid. Figure 22 shows a comparison between two axial stress-axial shortening responses
of a particular microsection. In the first, the fibers are assumed to be linearly elastic, and
in the second they are taken to be nonlinearly elastic with the properties given in Table
l(b). The responses are similar in nature in that they have approximately the same critical
stresses (nonlinear fiber 1.3% lower), but the strain at the limit load for the case with the
nonlinear fibers is 12% higher than that of the specimen with linear fibers. If the imperfection
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is smaller, the difference in the critical strains becomes larger but the critical stresses remain
approximately the same. Thus, we conclude that the fiber nonlinearity does not alter the
failure mechanism and can be neglected in the case of analyses which are conducted
for qualitative understanding of the mechanisms governing the problem. However, fiber
nonlinearity must be included for quantitative comparisons between measured and pre
dicted critical strains and composite moduli. In the remainder of this paper, unless otherwise
stated, the fibers will be assumed to be linearly elastic.

3. 1.4. Effect of imperj'ection parameters. The effects of the amplitude and wavelength
of fiber imperfections on the response and critical conditions of composite microsegments
are illustrated in Fig. 23. Figure 23(a) shows (J"ll-b responses for specimens with the
same imperfection amplitude (a = h) and three different wavelengths. An increase of the
wavelength results in a stiffer response and a higher limit load. Figure 23(b) shows similar
results for fiber imperfections with fixed wavelength (A = 150h) and three different ampli
tudes. Increasing the amplitude reduces the stiffness of the material as well as its strength.
The limit stresses and strains for these cases are given in Table 4. It is interesting to observe
that, in all cases shown, the values of the critical stresses are in the same range as those of
the critical stresses measured in the experiments. However, this is partly due to the fact that
the imperfection parameters considered here do not fully cover the full range of the
measured parameters which were reported in the experimental section of this paper. It is
clear that a quantitative comparison between experiments and analysis will require a more
refined representation of the measured imperfections.

Previous investigators have represented fiber imperfections with just one parameter,
the fiber misalignment angle Go [e.g. eqn (4)]. For longer sinusoidal imperfections, this can
be approximated by the maximum misalignment angle in the fibers, that is,

(7)

Figure 23(c) shows a set of responses in which the maximum misalignment angle was kept
constant by prescribing ;. = 50a and varying the imperfection wavelength. We observe that
the limit loads vary with ;. even though the variation could perhaps be viewed as a second
order effect.

A similar exercise was conducted for )/a = 75 which corresponds to the case presented
in Fig. 16. Specimens with ;./h = 100, 150 and 250 were analysed. The critical stresses
calculated, as well as the band orientations and widths at an average strain of approximately
1.2%, are listed in Table 5. The variation in the critical stresses is again relatively small.
The values of f3 and VI" in the three cases are quite close. Thus, these values seem to be
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Table 4. Critical stresses and strains for micro-
segments with uniform imperfections of various

amplitudes and wavelengths

t. a ITc ksi

h h
(GPa) cc%

50 I 131 0.741
(0.901)

100 186 0.944
(1.28)

150 221 1.096
(1.52)

150 2 151 0.793
(1.04)

150 3 117 0.666
(0.808)

Table 5. Comparison of critical stresses, band angles and widths for
microsections with three different heights

ITc

t. a t. IV
ksi

h h
nf

h f3" (GPa)
a

100 4/3 75 60 20 10.7 157
(1.08)

150 2 75 60 23 11.6 151
(1.04)

250 10/3 75 60 27 11.6 141
(0.97)

relatively insensitive to the specimen height. In view of the similar insensitivity reported
earlier when variations in the specimen width were considered, we can conclude that the
values of f3 and ware relatively insensitive to the specimen size.

3.2. Sinusoidal imperfections with variable amplitude
In the experimental phase of this study we observed that fiber imperfections, at least

in two thermoplastic composites, have non-uniform distributions. For the APC-2jAS4
composite used in the experiments, imperfections in the plane of the prepreg were found to
be concentrated in bands of characteristic widths which had a particular periodic dis
tribution in the x2-direction. Fibers in these bands were distinctly more wavy than in the
rest of the composite. In addition, the resin content in these bands was higher than in the
bulk material.

Motivated by these observations, in this section, we will analyse the effect of such
imperfection non-uniformities on the compressive strength of the material. The purpose of
these analyses will be the qualitative understanding of the mechanisms involved. Thus, for
computational expedience, but without loss of the generality of the conclusions drawn from
the results generated, we will use a specimen with A = SOh and a = 3h.

3.2.1. Centrally located imperfections with decaying amplitude in the xrdirection.
(i) Constant matrix volume fraction. The first case we will examine involves a specimen

with a centrally located imperfection and the following spatial distribution

nX 1
[ (2X2)2JVO = acosTexp -( -;]; (8a)

where b is the width of the microsection, the coordinate X2 is measured from mid-width,
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Fig. 24. The initial and two deformed configurations for microsection analysed in Fig. 25.

, = In (0.01) and IX> O. (8b)

The initial configuration of a microsection with such an imperfection is shown in Fig. 24
(@). The microsection is 59 fibers wide. The imperfection has a maximum amplitude of
a = 3h which occurs at the center of the specimen. The imperfection amplitude decays to
1% of this maximum value in a width of 14 fibers on either side of the central one. The
remaining 15 fibers in each half width are straight. The matrix volume fraction of the
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section with the perfectly aligned fibers is 0.40. In the imperfect section, the average matrix
volume fraction is also 0.40, but its distribution in the xI-direction is uneven (see undeformed
configuration in Fig. 24). The geometry of the specimen is antisymmetric about the line
X2 = O. We assumed that this antisymmetry is maintained at all stages of deformation;
consequently, we analyse only half of the microsection shown in Fig. 24.

The compressive stress-axial shortening response of this microsection is shown in Fig.
25(a). It has the same general characteristics as the corresponding responses of micro
sections with uniform imperfections. However, this microsection is much stiffer and
stronger than the corresponding one with a uniform imperfection with the same wavelength
and amplitude. (The specimen with non-uniform imperfection has (Ie = 195 ksi (1.35 GPa)
and Be = 1.01 %; the one with uniform imperfection has (Ie = 61 ksi (42.2 GPa) and
Be = 0.68%.)

The maximum compressive and tensile stresses that develop in the fibers at different
points along this response are shown in Figs 25(b) and (c). Two deformed configurations
of the microsection corresponding to points on the response after the limit load (® and (i)

are included in Fig. 24. The deformation again localized to a band, which in configuration (i)

in the central part of the specimen is approximately 17h wide and at the outer edges is
approximately 13h. The band has an inclination of approximately 8°. Initially (points CD
and 0), all fibers are in compression and the maximum stresses are quite uniform across
the specimen. After the limit load, the compressive stresses become progressively more non
uniform. The matrix in the central part of the specimen undergoes significant shear and its
shear stiffness is drastically reduced. The resistance to bending deformation of the central
fibers decreases and, as a result, their capacity to carry axial load decreases. Because of
this, after the limit load, the compressive axial stress in the central fibers remains relatively
unchanged whereas those in the outer fibers increase. After configuration @, tensile stresses,
primarily due to bending, develop in the fibers. The tensile stresses are seen to grow
substantially by configuration (i). It is interesting to observe that the bending and shearing
of the central fibers eventually become so large that, for compatibility with the prescribed
symmetry conditions at the top and bottom ends of the microsection, they develop net
tensile stresses. This is confirmed by comparing the maximum tensile and compressive
stresses in the fibers at (J). We can reasonably expect the combination of tensile membrane
stresses and bending stresses to eventually lead to fiber failure in the central part of the
microsection. Thus, if we assume that the compressive fiber stresses in this microsection
can safely be sustained then, in this case, failure will initiate in the middle of the specimen
and propagate towards the outer boundaries.

In order to investigate the effect of specimen width on the calculated response of such
specimens, the same calculation was repeated for a specimen with 179 fibers, and all other
variables kept at the same values (0: = 1/2). The calculated response was very similar to
that in Fig. 25(a). The critical stress and strain increased by less than 1%. The deformation
localized in a band which was wider than the ones in Fig. 24, but the orientation was almost
the same. At a net shortening of the specimen of approximately 1.2%, the width of the
highly deformed band was approximately 20h in the center of the specimen and decreased
to approximately 13h at the outer edges. Its inclination was approximately 7°.

The effect of the parameter 0:, the ratio of the number of imperfect fibers to that of the
total number of fibers in the specimen, is shown in Fig. 26(a). Results for 0: values of
1/3, 1/2 and I are shown. The response of the corresponding microsection with uniform
imperfections (0: =x) is also included in this figure. As 0: increases, the critical stress of
the microsection decreases, and the initial stiffness of the composite degrades by some
amount. We observe that the three cases with non-uniform distributions of imperfections
have significantly higher limit stresses, limit strains, and initial stiffnesses than the one with
uniform imperfections. This clearly illustrates that the spatial distribution of imperfections
plays a significant role on the critical load of the composite. The widths and orientations
of the highly deformed bands, at approximately the same values of 6/L for values of 0: of
1/3, 1/2 and 1, were found to be approximately the same. By contrast, in the corresponding
case with uniform imperfection (0: = :(0), the inclination of the band was approximately
II' whereas its width was of comparable value to those of the other three cases.
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domains of decay and variable Vr.

(ii) Variable matrix volume fraction. Similar calculations were also performed for
microsections with imperfections with the same spatial distribution but in which the matrix
volume fraction in the imperfect region was assumed to be higher than the nominal value
of 0.40. The initial configuration of a representative case in which Dr = 0.45 for the inner
29 fibers and 0.60 for the outer 30 fibers is shown in Fig. 27 (see @). The imperfection
amplitude is again a = 3h in the center and decays by 99% in the width containing 14
fibers on either side of the central one. The axial stress-end shortening response of this
microsection is shown in Fig. 28 together with the maximum compressive and tensile stress
distributions in the fibers. Included in Fig. 28(a) is the corresponding response from the
case with constant matrix volume fraction [from Fig. 25(a)]. As expected, an increase in
the matrix content reduces the initial stiffness of the response and results in a lower limit
stress [dropped from 195 ksi (1.35 GPa) for Dr = 0.60 to 160 ksi (1.35 GPa) in this case].
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Fig. 27. The initial and two deformed configurations for microsection analysed in Fig. 28.

The main features of the post-limit load behavior of the microsection are qualitatively the
same as those for the case with constant Uf. Two deformed configurations corresponding to
points (2) and ® on the response are shown in Fig. 27. In configuration ®, the band width
of localized deformation is approximately 16h in the central part of the specimen, and its
inclination Pis approximately 8°. Both of these are approximately the same as those found
for the case with constant Uf •

An important effect of the presence of additional matrices in the center of the specimen
is that the growth of the tensile stresses is delayed as seen by comparing Figs 28(c) and
25(c). At the same time, the additional matrix in the central part of the specimen allows
the fibers in the center to deform more easily. The induced bending and shearing defor
mations result again in the development of net tensile stresses in the central fibers although
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their magnitudes, up to point ® on the response, are smaller than those seen at approxi
mately the same value of f>/L in the corresponding case with constant Uf. Clearly, this
specimen is more compliant and will fail at higher values of average axial strain than the
case with constant Uf.

Similar calculations were conducted for microsections with the same parameters but
with a values of 1/3 and 2/3. The results are compared in Fig. 26(b). As the width of the
imperfect central section increases, the initial stiffness of the microsection decreases (pri
marily due to the increase in the matrix content) and the limit load decreases.

3.2.2. Edge imperfections with decaying amplitude in the x2-direction. In all cases pre
sented above, stress concentrations were found to occur at the two free edges of the
microsections analysed. This, coupled with the observations of previous investigators that
the presence of a free edge can lower the bifurcation stress of aligned composites, indicates
that free edges can affect the problem. Motivated by this, we also examined the effect of
surface imperfections on the compressive response of our idealized composite. We con
sidered microsections with imperfections with the following spatial distribution

(9)

where b is the width of the microsection, the coordinate X2 is measured from the left free
edge of the specimen, and' and a are as defined in eqn (8b). That is, the imperfection
amplitude is maximum at the free edge and decays exponentially for the interior fibers. An
example of the initial configuration of such a specimen with nf = 60 is shown in Fig. 29
(®). In this case, the amplitude of the imperfection at the free edge is 3h, and it decays by
99% in the first 30 fibers. The remaining 30 fibers are straight. The matrix volume fraction
is kept at 0.40 which again implies that, in the imperfect section, the matrix content varies
in the fiber direction.

The axial stress-end shortening response of the specimen in Fig. 29 is shown in Fig.
30. Included in the same figure is the response from a similar microsection with a centrally
placed imperfection with the same parameters [taken from Fig. 25(a)]. The two responses
are very similar, but the present one exhibits a somewhat reduced initial stiffness and a
critical stress which is 2% lower. The distributions of the maximum fiber compressive and
tensile stresses are shown in Figs 30(b) and (c), respectively. The values of compressive and
tensile stresses are seen to be very comparable to those in Figs 25(b) and (c). In the present
case, the maximum fiber bending occurs in the neighborhood of the free end. Again, the
deformation induced in the fibers in this region is such that they eventually develop net
tensile stresses. By configuration (j) the magnitudes of the maximum tensile stresses are
again high enough to cause failure of the fibers. However, in this case failure will most
probably initiate close to the free edge.

Deformed configurations for points @ and (J) on the response are shown in Fig. 29.
As localization progresses, the width and orientation of the highly deformed band are seen
to increase. In configuration (j) the band has a maximum width of approximately 17h, and
its inclination angle f3 is approximately 8C

• Thus, the band is somewhat wider than that in
Fig. 24 which had centrally distributed imperfections. However, the inclinations of the two
bands were almost identical.

The same calculation was performed for wider specimens with all other parameters
kept the same as those in Fig. 30 (a = 1/2). The critical stresses and strains were found to
be relatively unaffected by nf. In addition, the widths and orientations of the highly deformed
bands were found to undergo only minor changes with nf.

Similar calculations were also performed for imperfections with values of a of 1/3, 1
and 00 and with all other parameters kept at the same values as those of the microsection
in Fig. 30. The axial stress-end shortening responses of the four cases are compared in Fig.
31. As was the case for the centrally located imperfections, increases in a reduce the strength
of the composite. Again we observe that the initial stiffness as well as the critical stress of
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the case where the imperfection amplitude is uniform through the microsection (IX = (0)
are much smaller than those of the other specimens.

3.2.3. Variable amplitude imperfections with A = 150h. In the parametric study of
imperfections with variable amplitude presented earlier, the imperfection wavelength was
kept constant at ). = SOh. This value is smaller than the range of wavelengths measured in
the APC-2/AS4 composite that was used in the experimental part of this study. The strengths
of more representative microsections were also calculated for the following parameters:
A = 150h, a = 6h, nr = 79 and Dr = 0.60. The imperfections were centrally located with the
spatial distribution given in eqn (8). Microsections with four values of IX were analysed.
The critical stresses and strains calculated are given in Table 6. The critical stresses for the
first three cases are clearly in the range of the values measured in the experiments. The
critical strains are somewhat lower than those measured, but this is primarily due to the

SAS 32-6/7-D
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Table 6. Critical stresses and strains for mic
rosections with imperfections of variable

amplitude and A = 150h

IX ere ksi Be%

(GPa)

I 220 1.06
2

3
(1.52)

4
178 0.88

(1.23)
150 0.77

(1.03)
00 73.1 0.57

(0.504)

fact that the fibers were assumed to be linearly elastic. The case with uniform imperfections
with the same amplitude significantly under predicts the experimental values.

A summary of the results for 0( = 1 is shown in Fig. 32. The general characteristics of
the results are similar to those presented in Fig. 25 for the shorter wavelength case. In the
present case the difference in wavelength and the different spatial distribution of the
imperfections result in a different distribution of stresses in the fibers. The maximum tensile
and compressive stresses occur at the free edges of the specimen. Thus, failure can be
expected to initiate at the free edges and propagate towards the interior. Deformed con
figurations corresponding to points @), (2) and ® on the response [see Fig. 32(a)] are shown
in Fig. 33.

As the process of localization progresses, the highly deformed zone is seen to become
wider and its inclination to increase. In each case the band is wider at the center of the
specimen. The maximum widths in the three configurations are approximately 17h, 25h
and 26h, respectively. The inclinations of the bands are approximately 7°, 12° and 13°,
respectively. These bands are at least a prelude to the kink bands seen in the experiments.
If we accept the premise that their geometry is related to that of the kink bands then,
clearly, the angles of the bands in the last two configurations, as well as their inclinations,
compare very wen with those measured. Since both of these change as the localization
progresses, the actual failure angle will depend on the strength of the fibers. An accurate
value for the strength of AS4 fibers in the setting of this analysis is not available to us at
this time, but values in the range 400-500 ksi seem reasonable from the information we
have. If we accept that, on reaching such values of stress the fibers in the highly deformed
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bands will start breaking by bending, then the formation of the kink band can be expected
to occur in the neighborhood of points <D and ® on the response.

4. SUMMARY AND CONCLUSIONS

This paper has addressed the mechanism through which fiber composites fail in com
pression. Experiments on APC-2jAS4 composite confirmed that previously reported com
pressive strengths of approximately 175 ksi (1.21 GPa) and corresponding strains of
approximately 1.09% are realistic. By contrast, the critical strain predicted by even the
most complex analysis in which fibers are assumed to be perfectly aligned and failure is
associated with the lowest bifurcation load, is approximately 3%. This difference confirms
Argon's argument (1972) that fiber imperfections playa decisive role on the actual strength
of such composites. Examination of the composite used in this study revealed some insight
as to the nature of such imperfections. It was found that, in addition to imperfections
introduced during the curing of a laminate, imperfections were also introduced during the
manufacturing of the prepreg of the composite. These imperfections had characteristic
periodic spatial distributions. Bounds for their parameters were established.

Experiments on circular rods provided clear and unequivocal evidence that failure of
such composites results in kinking of fibers along planes with non-zero inclinations to the
x2-direction of the composite. By confining the region of failure within a steel cavity, it was
possible to limit the extent of post-failure deformation in a particular kink plane and to
continue loading the specimen. This produced a progressive formation of alternating kink
planes within the confined section of the specimen. This process was controllable and
occurred at a well defined load plateau which was lower than the load at which failure was
initiated in the specimen. Post-failure examination of the failed specimens proved that the
kinked fibers failed by bending and provided quantitative information about the widths
and inclinations of the kinked planes.

Motivated by the experimental findings, analyses were performed in which the com
pressive response of representative microsections of an idealized composite were evaluated.
The composite was idealized as a two-dimensional solid with alternating fiber and matrix
layers, each having the measured properties ofAS4 fibers and APC-2 matrix. Microsections
of finite width with imperfections of various spatial distributions were analysed. The
following conclusions can be drawn from the results produced.

• Compression of such microsections with imperfections activates shear in the matrix. The
matrix has limited strength and a highly nonlinear response. As deformation progresses,
its shear modulus and, as a result, the overall axial stiffness of the composite are pro
gressively reduced until a limit load is reached. Beyond the limit load, the deformation
in all microsections analysed was found to localize in inclined bands of well defined
widths. For microsections with imperfection parameters similar to those measured in the
experiments, it was found that the deformation in these bands could grow to significant
values, driven by just the energy released by the unloading that takes place in the
neighboring material. In other words, the post-limit load response was found to be highly
unstable, and in essence, uncontrollable. The flow of the matrix in these bands is high
and results in significant bending of the fibers. Eventually, the bending stresses reach
v'tlues that are comparable to the tensile strength of the fibers. It is surmised that when
this happens, the fibers start to break and form kink bands like the ones seen in the
experiments. Thus, kinking is the final result of the localization process initiated by the
limit load instability.

• Aspects of this sequence ofevents was also described in Steif (1990a, b) and in Yin (1992).
Although the present results point to a possible sequence of events which can result in
kinking, in a realistic specimen all events past the limit load which affect the formation
of the kink bands take place dynamically. The effect of inertia and that of the rate
dependence of the matrix to the kinking is not known. However, the calculated response
up to the limit load is relatively insensitive to these parameters, and thus the failure loads
predicted by the present analyses should be representative.
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• The spatial distribution of imperfections was found to affect the response ofthe composite
qualitatively as well as quantitatively. For example, the critical loads of imperfect micro
sections in which the imperfection amplitude varied across the width, in other words
imperfections which resemble to some degree those observed in our composite, were
significantly higher than those of imperfections with uniform amplitude. The critical
stress obtained by assuming the imperfection to be uniformly distributed in the composite,
or its simpler relative implied by eqn (4), will in general provide lower bounds on the
strength.

• One of the interesting aspects of the results presented is the demonstration that, in such
aligned composites, highly deformed inclined bands develop naturally through a process
of localization of deformation following the limit load in the axial load-displacement
response. These bands develop immediately after the limit load but their inclinations and
widths evolve as the post-limit load response progresses. Their inclinations and widths
at average microsection strains of 1-1.2% were found to be comparable to those measured
in kink bands in failed specimens. Parametric studies indicated that band orientations
and widths are relatively insensitive to the microsection size and to the imperfection
amplitude and wavelength. The characteristics of these bands in microsections with
spatially varying imperfections were, broadly speaking, similar to those in microsections
with uniform sinusoidal imperfections.
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APPENDIX

In this Appendix, we describe the steps that were taken to extract the stress-strain behavior of the AS4 fiber
and the PEEK matrix (in situ). These properties were, of course, required for the detailed micromodeling effort,
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a key point of which was the nonlinear response of the matrix and, to a lesser extent, the fibers. A number of
experiments were performed in order to determine the transversely isotropic behavior of the composite. The
specimen geometries are shown schematically along with the responses (Figs AI-A3). There was some duplication
in the experimental methods used, particularly in shear, in order to remove uncertainties regarding the validity of
data obtained from some of the tests.

The response of the composite in the fiber direction was obtained from flat coupons (tension) and rod
specimens (compression). The flat coupons had a gage length of 6 in (15.24 em) and were 0.5 in (12.7 rom) wide
by 0.05 in (1.27 rom) thick. They were reinforced at the ends with tapered glass-epoxy tabs that were bonded to
the coupons. Axial and transverse strain gages were bonded to the gage section of the specimens using standard
procedures. The geometry of the rod specimens and the procedures that were used for the compression tests have
been described in the main body of the paper. The measured response in the fiber direction in tension and
compression is shown in Fig. A!. The most striking feature is the stiffening behavior in tension and the softening
in compression [see also Crasto and Kim (1991»). It is important to note that this nonlinearity is an elastic feature
that results from the lamellar microstructure of the fiber [see Johnson (1987»). The initial tangent modulus of the
composite and the Poisson's ratio are listed in Table 1.

The transverse properties were obtained from two specimen geometries. The tensile response (Fig. A2) was
measured with tabbed, flat coupons with a gage section that was 3.3 in (8.38 cm) long by 0.625 in (15.88 mm)
wide by 0.10 in (2.54 rom) thick. There was a slight nonlinearity in the response near the maximum stress level.
The compressive transverse response was obtained from square cross section specimens with a thickness and width

a..., 20
(ksi)

t
-4.0 -2.0 2.0

---- £22 (%)

-20

-40

Fig. A2. Measured uniaxial stress-strain response of APC-2/AS4 composite in x2-direction.
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of 0:265 in (6.73 mm) and a length of 3 in (7.62 em) tested in an aligning device similar to that shown in Fig. I.
The compressive response (Fig. A2) matched the initial tensile modulus but extends to a strain of approximately
4% and is much more striking in its nonlinearity.

The overall shear response of the composite was obtained using the off-axis tension test, the Arcan shear,
and torsion of a thin-walled tube as shown schematically in Fig. A3. A specimen with the fibers oriented at 150 to
the loading direction was used for the off-axis tension test. Its gage section was 7.7 in (196 mm) long by 0.4 in
(10.26 mm) wide by 0.1 in (2.54 mm) thick, giving it an aspect ratio of 19.25 which was large enough to minimize
end effects (Pagano and Halpin, 1968; Pindera and Herakovich, 1986). The multiaxial state of stress which
develops in the material reference frame can be related to the applied axial stress by simple stress transformation.
These stresses, when used in Hill's (1950) anisotropic yield criterion, result in a scalar (equivalent) measure of the
state of stress. A strain gage rosette with a 0/30/900 arrangement was used to monitor the strains. An equivalent,
incremental plastic strain which is work compatible to the equivalent stress is established from the three measured
strain components by assuming that the strain in the fiber direction is strictly elastic (Sun and Chen, 1989). The
shear response was evaluated from this equivalent stress-plastic strain response using the classical flow rule of
plasticity. The total shear stress-strain response obtained by combining the elastic and plastic strain increments
is shown in Fig. A3.

The second configuration that was used to obtain the shear stress-strain behavior of the composite was the
Arcan specimen, in the form proposed for composites (Arcan et al., 1978). It had the butterfly shape shown
schematically in the inset in Fig. A3 and was bonded to the familiar semi-circular grips using a special alignment
jig which was removed just prior to loading. The distance between the grips and the roots of the notches were 0.4
in (10.16 mm) and 0.475 in (12.07 mm), respectively. Since initial measurements with two strain gages placed on
either side of the specimen indicated that the mounting procedure did not induce any bending, only one centrally
placed shear strain gage was used to measure the strain. The data presented in Fig. A3 was obtained from
specimens in which the fibers ran parallel, rather than perpendicular, to the specimen axis that joins the notches.
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with that from a numerical simulation ofa pure shear test using the properties of the two constituents.

The two possible configurations gave rise to apparently different shear responses, presumably due to the fact that
the stress distributions in the two configurations differ, as has been noted in Iosipescu specimens (Pindera et al.,
1987,1990).

The third configuration that was used for measuring the shear response of the composite was a thin-walled
tube loaded in torsion. The tube was filament wound in the hoop direction with a mean diameter of 3.096 in (76.8
mm). The outside surface of the specimen was ground in order to provide a uniform wall thickness of 0.090 in
(2.29 mm) over the 4.5 in (114.3 mm) gage length. Glass fiber tabs, which were machined to be concentric
with the test specimen, were used to reinforce the grip section. The specimen was loaded in an axial/torsional
servohydraulic testing facility under rotational control and zero prescribed axial load. Strain gages bonded in the
test section were used to measure the shear strain directly.

The three responses are compared in Fig. A3. Taking the tube in torsion as the benchmark, it can be seen
that the initial shear moduli obtained from all three specimens were in reasonably good agreement (4.8% and
7.7% higher for off-axis tension and Arcan test, respectively). There were some differences in the responses at
higher stress levels, with the upper bound being consistently provided by the thin-walled tube in torsion. The
response of the Arcan specimen was closer to that obtained from the tube up to almost 4% shear strain, when
stress levels in the Arcan specimen dropped below those obtained from the IS" off-axis specimen. It should be
noted that no correction factors were applied to the data obtained from the Arcan experiment. This is in contrast
to recent experience with the Iosipescu specimen (Pindera et al., 1987, 1990) where, in specimens with fibers
running parallel to the axis, joining the notches resulted in lower stress levels and shear modulus, whereas
specimens with fibers perpendicular to the notch axis gave rise to higher stresses and shear modulus.

The next step that was taken was to extract the stress-strain behavior of the matrix and fiber from the shear
(Fig. A3) and fiber direction tension/compression (Fig. AI) responses, respectively. The in situ axial stress-strain
behavior of the matrix (Fig. A4) was derived from the composite shear stress-strain response measured in the
tube torsion test using the following steps. The fibers were assumed to be linearly elastic and isotropic with the
properties given in Table I(b), and the matrix was taken to be elastic-plastic. The rule of mixtures was applied
incrementally to the elastic and plastic tangent moduli of the shear stress-strain response of the composite to
evaluate the shear stress-strain response of the matrix (note that the difference between Gm and G, is so large that
assuming the fiber to be rigid yielded sufficiently accurate results). The axial stress-strain response was obtained
from the latter using the customary transformation rules of isotropic elasticity and plasticity. The elastic properties
of the matrix are listed in Table I(c).

The accuracy of these schemes was checked as follows. The shear stress-strain response of PEEK extracted
in this fashion was used together with the fiber elastic properties in Table I to conduct, numerically, a simple
shear test consisting of alternating layers of matrix and fiber materials. The results of this analysis are compared
to the measured shear stress-strain response of the composite in Fig. AS. The comparison is very favorable and
no further iterations were required.

Included in Fig. A4 for comparison is the stress-strain response of neat PEEK which was measured in
separate tests using tensile coupons. It is clear that PEEK in the composite is considerably stiffer and stronger
than the neat material. This is due to the formation of transcrystalline regions in the matrix material adjacent to
the fibers (Jar et al., 1992).

The stress-strain behavior of the AS4 fibers was obtained in much the same way from the experimental results
in Fig. A I. We assumed that the nonlinearity is strictly due to the fiber as opposed to geometric effects. This was
supported, to a certain degree, by the fact that loading and unloading in both tension and compression followed
the same paths. The result is shown in Fig. A6 where the fibers exhibit stiffening and softening responses in tension
and compression, respectively. The compressive part of this stress-strain response was fitted with the three
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parameter Ramberg-Osgood fit given by

a [ 3 (a)",-IJE=£, 1+ 7 ;, .

The fit parameters E f , nfand /Trare listed in Table l(b).


