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Failure of Compression-Loaded Multidirectional
Composite Laminates

Mark J. Shuart*
NASA Langley Research Center, Hampton, Virginia

An analytical and experimental investigation of the failure of selected compression-loaded [ ± 0/ T 0]6*
composite laminates is described. A general nonlinear theory is presented for predicting a laminate's compres-
sive strength and failure mode. The theory includes the effects of out-of-plane ply waviness, in-plane fiber
waviness, and fiber scissoring. A simple compressive test technique is used to obtain the experimental data. The
analytical and experimental results show good agreement for 0<45 deg and show excellent agreement for 0 > 45
deg. The dominant compression failure modes for the laminates in this study were found to be interlaminar
shearing, in-plane matrix shearing, and matrix compression.

Introduction

E FFICIENT designs using composite materials require a
thorough understanding of the mechanisms that affect

laminate response. Laminate compressive strength is an im-
portant design parameter, and researchers have studied the
mechanics of this phenomenon for many years. Dow and
Gruntfest1 postulated that the compressive failure of unidirec-
tional laminates was the result of the fibers buckling within the
matrix. Rosen2 developed a model for unidirectional laminates
that focused on fiber instability and predicted the compressive
strength of such laminates. Greszczuk3'4 studied the effects of
the constituents on the compressive strength of fiber- and
lamina-reinforced composite materials. These studies focused
on unidirectional laminates. Several researchers5'8 have con-
ducted detailed studies of the fiber kinking failure mechanism
for compression-loaded unidirectional laminates. Suarez et
al.9 studied failure due to outer-ply instability for compres-
sion-loaded multidirectional laminates. Some of their experi-
mental results agreed with predicted strengths when the initial
waviness of the outer plies was included in the analysis. Rotem
and Hashin10 and Kim11 conducted experimental studies of the
failure of angle-ply laminates. These studies showed that
shearing failure mechanisms significantly affected the failure
of angle-ply laminates. A nonlinear theory was proposed in
Ref. 12 for predicting the strength of compression-loaded
multidirectional laminates. The initial waviness of all plies was
included in the theory, and two shearing mechanisms that
initiate failure were analyzed: interlaminar shearing caused by
initial waviness of the plies and in-plane matrix shearing. The
compressive strength of [ ± 0]5-class laminates for 0 < 6 < 75
deg was predicted by the theory in Ref. 12. A general, vali-
dated theory that quantifies the dominant mechanisms affect-
ing the compressive strength of multidirectional composite
laminates (0 < 0 < 90 deg) would be useful for understanding
laminate strength.

The current investigation was conducted to study the failure
of selected compression-loaded multidirectional composite
laminates. A general nonlinear theory is described that quanti-
fies the dominant mechanisms affecting the compressive
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strength for a wide range of undamaged composite laminates.
This theory is an improvement of the theory in Ref. 12. A
matrix compression failure mode is included in the improved
theory, and the in-plane matrix shearing mechanism is general-
ized to include effects from in-plane fiber waviness and from
fiber scissoring. Experimental results are also presented for
graphite-epoxy specimens. The specimens were tested using a
simple compressive test technique. The experimental results
include compressive strength data and descriptions of laminate
failure modes. These experimental results are compared with
predicted results.

Analysis
The geometry of a typical laminate is illustrated in Fig. 1.

The laminate has length a and width b. A + 6 fiber orienta-
tion is indicated in the figure. The laminate is symmetric with
respect to the middle surface, which is z = 0 plane.

Two types of initial imperfections for composite laminates
are shown in Fig. 2. Out-of-plane waviness or ply waviness is
shown in Fig. 2a, and in-plane waviness or fiber waviness is
shown in Fig. 2b. These initial imperfections are typical for
composite laminates and may be the result of residual thermal
stresses. Initial imperfections similar to those shown in Fig. 2
can affect the response and failure of composite laminates,
and these imperfections are modeled in the present study. All
calculations use an imperfection-amplitude-to-ply-thickness
ratio of 0.5. A nominal ply thickness is 0.13 mm.

The analysis used in this study is presented in this section.
The theory from Ref. 12 is the foundation for the present
analysis and is summarized. Improvements to the theory in
Ref. 12 are described. The criteria for predicting laminate
failure are also summarized.

Background
The nonlinear theory in Ref. 12 models a ply as a plate

supported by a linear elastic foundation. Kirchhoff plate the-

Fig. 1 Coordinate system and dimensions for a typical laminate.
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Fig. 2 Initial imperfections in composite laminates.

Table 1 Typical material properties

Graphite-epoxy:
Longitudinal Young's modulus, E\\\ GPa
Transverse Young's modulus, En\ GPa
Shear modulus, Gn', GPa
Major Poisson's ratio, v\2

Neat resin13:
Young's modulus, Em\ GPa
Shear modulus, Gm\ GPa
Major Poisson's ratio, vm

127.6
11.3
6.0
0.30

3.7
1.8
0.36

ory and von Karman strain-displacement relations are used for
the plate, and these relations include contributions from out-
of-plane initial imperfections. The plate properties are typical
linear elastic properties for a graphite-epoxy ply. Foundation
deformations are expressed as functions of the displacements
for the adjacent plates. The foundation properties are linear
elastic neat resin properties.13 The plate and foundation mate-
rial properties are summarized in Table 1.

The theory in Ref. 12 models a laminate as a series of plates
and elastic foundations. Each plate has an out-of-plane initial
imperfection that is the same shape as the critical short-wave-
length buckling mode shape for the laminate.14 Short-wave-
length buckling is characterized by a mode shape whose half-

Fig. 3 Idealized in-plane waviness for [ ± $]s-class laminates.

wavelength is much smaller than the laminate's length or
width. The initial imperfection vv0 is expressed as

= WG sin(iry/b) sm(irx/\) (1)

where w0 is the amplitude of the initial imperfection and X the
half-wavelength for the critical short-wavelength buckling
mode shape. The calculation of X is described in Ref. 12. The
laminate is loaded in the x direction by a uniform end shorten-
ing. Nonlinear equilibrium equations for each laminate are
derived using the principle of stationary potential energy. The
nonlinear equations are used to obtain displacements, strains,
loads, and stresses for the laminate.
Response Mechanisms for Compression-Loaded Laminates

The present theory is used to predict three failure modes for
compression-loaded composite laminates: interlaminar shear-
ing, in-plane matrix shearing, and matrix compression. The
interlaminar stresses investigated in the present study are
caused by the geometrically nonlinear behavior of the plies and
are different from the interlaminar stresses at a free edge that
are caused by ply material property differences. Ply waviness
causes the interlaminar stresses discussed in the present study,
and these stresses lead to the interlaminar shearing failure
mode. The in-plane matrix shearing failure mode occurs in
angle plies at the fiber-matrix interface and/or in the epoxy
matrix between fibers.15 In-plane shear stresses parallel to the
fiber-matrix interface cause this failure mode. These shear
stresses may be a function of both fiber waviness and fiber
scissoring. The theory in Ref. 12 does not account for fiber
waviness or fiber scissoring. Matrix compression failure is sim-
ilar to the classic compression failure for isotropic materials
wherein the failure surface extends through the material thick-
ness and is oriented at 45 deg to the middle surface. This
failure mode may occur in composite laminates when the
epoxy matrix is the dominant load-carrying constituent. The
matrix compression failure mode is not considered in Ref. 12.

Fiber Waviness
The model used for fiber waviness is illustrated in Fig. 3.

The wavy shape of a fiber in a + 6 angle ply is idealized as a
sine function having amplitude w and half-wavelength X. This
shape is expressed as

j = w sin (?r£/X) (2)

where ry is the fiber shape and £ a coordinate parallel to a -I- 6
axis. A wavy fiber is globally oriented at 6 but also has local
perturbations about that angle. The change in fiber angle A0
along the £ axis can be expressed as

(3)
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Fiber-scissoring model for | 0]s-class laminates.

The in-plane shear-stress distribution along the fiber is calcu-
lated using classical laminated plate theory as a function of the
applied load, the global angle + 0, and the local perturbation
A0. The analysis indicates that the in-plane shear stress at some
locations along a + 0 wavy fiber is greater than the in-plane
shear stress along a straight + 6 fiber. A failure criterion that
uses this shear stress but neglects fiber waviness could give
nonconservative results. The amplitude w and half-wave-
length X are obtained using the theory in Ref. 12. The present
theory assumes that the axial-load-w behavior for a wavy
fiber is the same as the applied-load-w behavior for a [02]5
laminate (see Fig. 3.19 of Ref. 12).

Fiber Scissoring
The model used for fiber scissoring is illustrated in Fig. 4.

Fiber scissoring in a + 0 angle ply is idealized as a simply
supported beam on a nonlinear foundation. The foundation
has only shear stiffness, and this stiffness is obtained from the
material system's shear-stress/shear-strain behavior. Typical
shear-stress/shear-strain behavior in the principal material co-
ordinate system (i.e., parallel and perpendicular to a ply's fiber
direction) for AS4/3502 is shown in Fig. 5. The data in the
figure were obtained using a [ ± 457 =F 45]fo laminate and the
procedure described in Ref. 16. The tangent shear modulus for
a given shear stress is used for the foundation stiffness.

The response of the fiber-scissoring model is governed by a
nonlinear equation. The equation is derived from force equi-
librium and is expressed as

! - Gl2(6l - 00) = 0 (4)

Shear
stress,

T12
MPa

Shear
stress,

ksi

- 5
25-

where 00 is the initial fiber angle, 6{ the final fiber angle, ox the
far-field stress on the laminate, and G12 the tangent shear

Shear strain, Y^ 2 percent

Fig. 5 Shear-stress/shear-strain response for AS4/3502 using a
[ ± 457 =F 45]6s laminate.

modulus for the material system (i.e., foundation stiffness).
The difference between 00

 and 0i is defined as d. Equation (4)
is used to determine the final fiber angle for the given far-field
stress on the laminate and for the foundation stiffness. The
first term in Eq. (4) corresponds to the applied loading on the
beam, and the second term corresponds to the foundation's
deformation due to the applied loading. The ply in-plane shear
stress in the principal material coordinate system is calculated
using the far-field stress on the laminate and classical lami-
nated plate theory. The foundation stiffness is the tangent
shear modulus for that shear stress. The far-field stress on the
laminate is increased incrementally, and the fiber angle and the
in-plane shear stress are calculated.

Failure Criteria
The results of the present analysis are applied to predict the

failure of compression-loaded [ ± 0]5-class laminates. Specifi-
cally, laminate failure is assumed to be initiated by interlami-
nar shear strains, by in-plane shear stresses, or by matrix com-
pression stresses. The analysis does not couple the failure
mechanisms. Interlaminar shearing for a laminate occurs in
the foundation between plates and is limited by matrix shear-
ing failure. The shear strain for matrix failure is used for the
maximum inter laminar shear strain for the laminate, and this
value is 0.036 mm/mm.13 In-plane shearing for a laminate
occurs in the plates and is limited by a ply shearing failure. The
shear stress in the'principal material coordinate system is used
for the maximum in-plane shear stress for the laminate, and
this value is 95.1 MPa.15 The in-plane shearing stresses are
used instead of the in-plane shearing strains because such
strains are extremely difficult to determine accurately. The
difficulty arises from the near-zero slope for the stress-strain
response near failure.15 Matrix compression stresses become
significant when the matrix is the principal load-carrying con-
stituent of the laminate. The matrix compression failure mode
can occur in [90] 48 laminates and in angle-ply laminates that
are significantly affected by fiber scissoring. The compression
strength for a [90]48 laminate is used for the maximum matrix
compression stress for the laminate, and this value is 255 MPa.

Specimens, Apparatus, and Tests
The 26 graphite-epoxy composite specimens tested in this

investigation were fabricated from commercially available
unidirectional Hercules AS4 graphite fiber tapes preimpreg-
nated with 450-K cure Hercules 3502 thermosetting epoxy
resin. The tapes were laid to form 48-ply laminates approx-
imately 0.64 cm thick. The laminates were cured in an auto-
clave using the manufacturer's recommended procedure. Fol-
lowing cure, the laminates were ultrasonically C-scanned to
establish specimen quality and then cut into test specimens. All
specimens were 4.45 cm long and 3.81 cm wide. The loaded
ends of each specimen were machined flat and parallel to
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permit uniform compressive loading. The laminate stacking
sequences are listed in Table 2. Two specimens for each lami-
nate stacking sequence were tested.

Test specimens were loaded to failure in axial compression
using a 1.33-MN-capacity hydraulic testing machine. The
loaded ends of the specimen were clamped by fixtures during
testing, and a typical specimen with the support fixture is
shown in Fig. 6. The specimens were tested to failure by slowly
applying a compressive load to simulate a static loading
condition.

The test specimens and fixtures used in this study are simple
and compact. This specimen and fixture have been used suc-
cessfully for material characterization tests17 and were selected
for this study because of their simplicity. Some compression
test methods for composite laminates use specimens with short
test sections (e.g., 1.27 cm18) or require elaborate fixtures that
completely support the test specimen along the length.19 These
methods may inhibit the natural failure mode for a laminate.

Table 2 Young's modulus and failure data
for compression-loaded laminates

Stacking
sequence

[0]48
[0]48
± 57 T 5]65

± 57 T 5]65
± 107 T 10]65
± 107 T 10J65

±15 /=F l5 ] f a
±15/Tl5]6s
± 207 T 20165
± 207 =F 20]65

[ ± 307 T 30]65
± 307 T 30]65

[ ± 457 T 45J65
[ ± 457 T 45]65
[ ± 607 qp 60]65
' ± 607 T 60]65
± 707 T 70]65
± 707 T 70]65
± 757 T 75]65
± 757 T 75]65
± 807 T 80]65
± 807 T 80165
± 857 T 85]65
± 857 T 85J65

[90]48
[90]48

Young's modulus,
GPa

130.9
134.3
129.0
129.6
119.3
124.9
102.4
103.5
88.3
85.0
45.9
45.0
16.5
18.4
12.0
12.1
11.0
10.8
10.1
9.7

10.2
10.3
10.5
10.6
10.3
10.1

Failure stress,
MPa

958.0
932.4
910.2
946.9
883.9
801.1
636.8
603.2
431.7
361.1
245.0
201.2
177.1
178.6
271.9
266.6
255.1
270.9
239.6
253.8
237.9
249.7
230.1
225.5
249.5
260.5

Failure strain, %

1.09*
0.98
1.08
1.14
1.05
0.91
0.79
0.76
0.65
0.46
0.50
0.44
1.59
1.74
4.93
4.67
3.37
3.87
3.08
3.53
3.09
3.05
2.73
2.56
2.90
3.19

aFailure strain calculated using laminate end shortening and original length
rather than from strain gauge.

The present compression test method uses a specimen that is
sized to be thick enough to avoid global buckling and to be
both long and wide enough to minimize boundary condition
effects. The present method also uses a simple test fixture that
introduces load without overly supporting the specimen.

Electrical resistance strain gages were used to monitor
strains and direct current differential transformers were used
to monitor longitudinal displacement of the ends. The location
on the specimen of the back-to-back axial and transverse strain
gages is shown in Fig. 6. Electrical signals from the instrumen-
tation and the corresponding applied loads were recorded on
magnetic tape at regular time intervals during the test.

Results and Discussion
The experimental and analytical results for this study are

described in this section. Experimental results include stress-
strain curves and tabulated data. Young's modulus, failure
stress, and failure strain data are given in Table 2. Failure data
for all laminates except the [ ± 457 T 45]6s laminates corre-
spond to a catastrophic event that terminates the load-carrying
capability of the laminate. Failure data for the [ ± 457 =F 45]65
laminates correspond to the near-zero slope of the stress-strain
curve. The failure strain is calculated using laminate end short-
ening because the failure strain for some laminates exceeded
the capability of the strain gages. Stress-strain data for speci-
mens having similar failure modes are presented together, and
these failure modes are described. The experimental results are
compared to predictions for failure stress and failure mode.

Experimental Results
Typical stress-strain data for [0]48, [ ± 57 =F 5]65, and [ ± 107

=F 10]65 specimens are shown in Fig. 7. These data are nearly
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stress,
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1000r
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Axial
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2.00.5 1.0 1.5
Axial strain, percent

Fig. 7 Axial stress-strain response for typical laminates that fail by
interlaminar shearing.

Broortiing and
interlamfnaf cracking

Fig. 6 Compressive test specimen and fixture. Fig. 8 Failed [ ± 107 T 10]^ laminate.
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Fig. 9 Axial stress-strain response for typical laminates that fail by
in-plane matrix shearing.

Load
direction

In plane matrix
shearing

Fig. 10 Failed [ ± 157 qp I5]6s laminate.

linear to failure, and these specimens have the highest
strengths of all specimens tested. The dominant failure mode
for this group of specimens is interlaminar shearing. This fail-
ure mode is illustrated in Fig. 8. The interlaminar shearing
failure mode is characterized by brooming and interlaminar
cracking.

Typical stress-strain data for [ ± 157 ==F 15]^, [ ± 207 T 20]^,
[±307^ 30]65, and [ ± 457 T 45]^ specimens are shown in
Fig. 9. The degree of nonlinearity for these data increases with
increasing fiber angle, and the strength for the laminates in this
group spans a wide range. The dominant failure mode for this
group of specimens is in-plane matrix shearing (see Fig. 10).
In-plane matrix shearing in angle-ply laminates is character-
ized by failure surfaces that are parallel to the fiber direction
as shown in the figure. A dramatic change in a laminate's
dominant failure mode is shown by comparing Figs. 8 and 10.
The dominant mode changes from interlaminar shearing to
in-plane matrix shearing for only a 5-deg change in fiber orien-
tation. Coupling between the interlaminar shearing mode and
the in-plane matrix shearing mode is indicated by the presence
of these two failure modes in the failed [ ± 107 =F 10]65 lami-
nate in Fig. 8.

Typical stress-strain data for [ ± 607 T 60]65, [ ± 707 =F 70]65,
[±75/=F75]6 5 , [±80/T80]65, [±85/T85]65, and [90]48
specimens are shown in Figs, lla and lib. The data are very
nonlinear, and these specimens have the highest failure strains
for all specimens tested. The square symbols on the figure
correspond to data recorded immediately before exceeding the
strain-gage capability. Laminate failure stress and strain are
greater than the respective data corresponding to the square
symbols. All the strength results for the laminates in this group
are approximately equal. The dominant failure mode for this
group of specimens is matrix compression (see Fig. 12). The
matrix compression failure mode is characterized by a failure
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a) Results for [±60/T60]6*, [±70/T70]6*, and [ ± 757 T 15}6s
laminates
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b) Results for [ ± 807 T 80]6s, [ ± 857 =F 85]6s, and [90]48 laminates

Fig. 11 Axial stress-strain response for typical laminates that fail by
matrix compression.

Load
direction!

Fig. 12 Failed [90]48 laminate.
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Fig. 13 Compressive strength as a function of ply orientation for
[ ± B]s-class AS4/3502 laminates.

surface that extends through the laminate thickness and is
oriented at 45 deg to the middle surface.

Comparison of Analytical and Experimental Results
Laminate compressive strength as a function of ply orienta-

tion is shown in Fig. 13 for [ ± 0]5-class AS4/3502 laminates.
The laminate compressive strength is dominated by the three
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failure mechanisms mentioned previously: interlaminar shear-
ing, in-plane matrix shearing, and matrix compression. The
stress associated with each failure mechanism is calculated,
and the lowest or critical stress is the predicted laminate com-
pressive strength. This strength is plotted as a solid line on the
figure. The analysis predicts that interlaminar shearing ini-
tiates laminate failure for 0 < 0 < 1 5 deg, in-plane matrix
shearing initiates laminate failure for 15<0<50 deg, and
matrix compression initiates laminate failure for 50 < 6 < 90
deg. Experimental results are plotted as symbols on the figure.
The analytical and experimental results from the present study
show good agreement for 6 < 45 deg and show excellent agree-
ment for 0 > 45 deg. Similar experimental results for AS4/
3502 laminates20 are also plotted on the figure and also agree
with the analytical results.

Fiber scissoring is an important mechanism for the [ ± 6]s-
class laminates when 50 < 0<90 deg. Fiber scissoring causes
the initial fiber angle to increase, thereby both decreasing the
load carried by the fibers and increasing the load carried by the
matrix for a given applied load. The analysis indicates that the
fiber-scissoring mechanism does not significantly affect the
behavior of the [ ± 0]s -class laminates in this study for
0 < 0<50 deg. The analysis also indicates that the fiber-scis-
soring mechanism does significantly affect the behavior of the
[±0]5-class laminates in this study for 50<0<90 deg. The
result of the load redistribution caused by fiber scissoring for
laminates with 50 < 0 < 90 deg is to decrease the in-plane shear-
ing stress parallel to the fiber and to increase the compressive
stress in the matrix. The amount of fiber scissoring in these
laminates is sufficient to change the predicted dominant fail-
ure mechanism from in-plane matrix shearing (as suggested in
Ref. 18 for 50 < 0 < 75 deg) to matrix compression. The dom-
inance of the matrix compression failure mode is characteristic
of laminates significantly affected by fiber scissoring. The re-
sponse of such laminates approaches the response of a [90]48
laminate as the fiber angle increases, and the matrix is the
primary load-carrying constituent for [90]48 laminates. The
experimental results agree very well with the predicted matrix
compression failure mode.

Concluding Remarks
This paper describes the failure of selected compression-

loaded multidirectional composite laminates. A general non-
linear theory is presented for predicting laminate failure. The
theory includes the effects of laminate initial imperfections,
such as out-of-plane waviness and in-plane waviness of fibers.
The theory also includes the effects of fiber scissoring in angle-
ply laminates. The theory identifies interlaminar shearing, in-
plane matrix shearing, and matrix compression as dominant
failure mechanisms for compression-loaded [ ± 0]5-class lami-
nates. Experimental results for the [±6]s -class laminates are
presented and include failure stress, failure strain, and lami-
nate failure modes. A simple compressive test technique is
described.

The general nonlinear theory predicts the compressive fail-
ure modes and strengths for the [±0]5-class laminates in this
study. Interlaminar shearing is shown to be the dominant fail-
ure mode for 0 < 0 < 15 deg. In-plane matrix shearing is shown
to be the dominant failure mode for 15 < 0 < 50 deg. Matrix
compression is shown to be the dominant failure mode for
50 < 0 < 90 deg. The analytical and experimental strength data
show good agreement for 0 < 45 deg and show excellent agree-
ment for 0 > 45 deg.
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