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Abstract

This paper outlines an experimental investigation
carried out for the analysis of failure mechanisms in fi-
brous laminated composite plates containing stress rais-
ers, in the form of cutouts, under static biaxial pla-
nar compressive loading. A specially designed biax-
ial loading frame was used to test a series of 48 ply
graphite/epoxy composite laminated plates with cen-
trally located circular holes under various compressive
loading ratios.

Experimental results revealed failure initiation to oc-
cur in the 0° plies at the edge of the hole, in the
form of fiber kinking, for the Quasi-Isotropic and Gen-
erally Orthotropic specimens. Biaxial failure mecha-
nisms exhibited a shift in the location of failure ini-
tiation at the hole edge as compared to the uniaxial
cases. The Shear Dominated specimens exhibited large
inplane wavelength microbuckles under uniaxial load-
ing, and shear induced delaminations for the biaxial
loadings.

Introduction

Recent advances in the manufacturing of fibrous com-
posite materials, combined with their inherent high
strength/stiffness to weight ratios, have given them a
high priority in aerospace applications. However, due
to the complex infrastructure of these materials, their
behavior under various loading conditions has not been
completely analyzed. Composite materials display a
rather unique behavior under loading (and in subse-
quent failure) as compared to the traditional aerospace
materials (i.e. metals such as steel and aluminum),
which possess a very predictable and well understood
stress-strain behavior. Although strong in tension, due
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to the fiber orientation in the plies, composite mate-
rials, made of brittle fibers and a polymeric matrix,
under compressive loading exhibit a very quick and
catastrophic progression of failure, rendering the mate-
rial incapable of sustaining any subsequent loads. The
brittle characteristic of the fibers and the interaction
of the matrix has made the failure analysis of compos-
ites in compression complicated. In the aerospace field,
plates made of these materials are to be used, where
such structures will have regions of high stress concen-
tration (in the form of holes, or cutouts) and will come
under biaxial coplanar loading (i.e. fuselage panels).
This paper outlines an experimental investigation car-
ried out for the analysis of failure mechanisms in com-
posite plates with centrally located circular holes under
static biaxial planar compressive loading,.

A recent experimental analysis of failure in specially
designed uniply composite plates with varying hole sizes
under static uniaxial compressive loading [1] was used
as the foundation for this work. Experimental results
reported therein revealed failure initiation to occur at
the edge of the hole, in the form of fiber microbuck-
ling/kinking followed by delamination, for specimens
with hole sizes varying from the largest (corresponding
to a hole diameter d to plate width w aspect ratio of
0.2) down to a cutoff hole size. Below this range, failure
either initiated at the outer free edges, in the form of
cracks, or was in the form of global (total) delamina-
tion. A Finite Element Analysis (FEA) incorporating
classical lamination theory was carried out [2], utilizing
the measured material properties and geometries, in or-
der to gain insight into the inplane failure mechanisms
evident in the experimental observations. The analy-
sis modeled the graphite/epoxy uniply composite used
in [1] in an attempt to reproduce the experimentally
obtained results. The FEA results agreed very well
with the buckled mode shapes from the experimental
results, and although the estimated buckling loads were
larger than those obtained from experiments, an area
under current investigation by the authors, the trends
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for buckling modes and loads agree quite well for the
two phases, revealing the inverse relation between fail-
ure load and hole diameter.

Initial biaxial test specimens consisted of a set of
uniply graphite/epoxy specimens, with the same stack-
ing geometry as for the uniaxial tests {1], with vary-
ing hole sizes, corresponding to hole diameter/plate
width aspect ratios which resulted in failure initiation
in the form of fiber microbuckling/kinking in the uniax-
ial tests, followed by a series of 48 ply graphite/epoxy
composites (3 types: Quasi-Isotropic, Generally Or-
thotropic, and Shear Dominated) with two hole sizes,
again for hole diameter/plate width aspect ratios cor-
responding to failure initiation at the hole edge. In all
cases, the hole diameter to plate width aspect ratio re-
mained in a range suitable for infinite plate assumptions
(i.e. w > 5d). In this paper, only the results obtained
for the 48 ply graphite/epoxy composites are presented.

Previous Research

Research into previous work [3-17] carried out for
biaxial tests revealed a diverse array of applications
and interpretations of dual axis loading. Whereas some
work with biaxial testing dealt with axial/internal pres-
sure loading of thin walled tubes {3,4], others used a
single axis loading at an angle to the fiber direction
[5], or employed axial/transverse loading [6]. It was de-
cided to focus our investigation on test work done with
inplane biaxial loading of plates. Several important cri-
teria were observed from these previous studies, namely
that the optimal design of the test specimen would be a
cruciform shape [7,10,15,17], and for the test frame to
employ four independently operated servohydraulic ac-
tuators [8], in order to avoid side bending loads on the
specimen and have the center of the specimen remain
stationary during the test. As pointed out in several
of the papers [16,17], problems are encountered with
biaxial loading of specimens as far as achieving failure
in the center of the specimen, due to fabrication and
stress concentration problems involved with the cruci-
form design. Much of the inplane biaxial work carried
out so far had dealt with a reduced central section or
with cracks [13,14] under fatigue loading [9)].

The two works by Daniel [11,12] addressed the fail-
ure behavior of composite plates under biaxial tensile
loading, where the influence of hole diameter on failure
was determined, first for equibiaxial (1::1) loading, and
then for a 2::1 loading ratio. It was the purpose of the
present investigation to utilize a mechanical approach
in determining the nonlinear failure modes of compos-
ite plates under biaxial planar compressive loading. In

order to keep the investigation as broad and general as
possible, the simplified uniply graphite/epoxy compos-
ite plates used previously [1] were once again employed
in the investigation of hole size on failure mode. The
results from these tests were incorporated in the sub-
sequent analysis and interpretation of results obtained
from Quasi-Isotropic, Generally Orthotropic, and Shear
Dominated graphite/epoxy plates. For the results re-
ported herein dealing with the 48 ply composites, a
variety of displacement loading ratios were used, (uni-
axial, 1::1, 2::1, 1::2), in order to capture a full failure
envelope for these specimens. The unstable nature of
failure in composites, as noted earlier, demanded a dis-
placement controlled mode for the tests (as opposed to
a load feedback mode) in order to allow for recovery of
post failure data and examination of specimens loaded
to initial (local) failure but recovered prior to global
failure. This resulted in load ratios (inferred from the
load cell data) which were not exactly precise integral
values of the displacement ratios (for example, 1.8::1
loading ratio for a 2::1 displacement ratio), depending
on the degree of orthotropy in the laminates.

Test Specimens and Loading Apparatus

The 48 ply test specimens were graphite/epoxy ma-
terials composed of Hercules IM7 fibers and NARMCO
5260 bismaleimide (brittle thermoset) matrix. Refer
to Table 1 for the lamina properties, which were refer-
enced from the work done by Gates at NASA [18]. The
prepreg was manufactured at NARMCO and processed
into panels at NASA LaRC. The glass transition tem-
perature of these specimens, (Ty), was approximately
220°C. The stacking sequence for these symmetric
laminates were as follows: Quasi-Isotropic [+45/0/ —
45/90]¢,, Generally Orthotropic [(+45/0/ — 45/0)2/ +
45/0/ — 45/90}2,, and Shear Dominated [F45/ % 45]q,.
Table 2 gives the laminate material properties (as de-
termined from the analysis and verified in the tests)
and stacking sequence for the three types of compos-
ite panels tested. Note the designations uml-, um2-,
and um3- refer to the Quasi-Isotropic, Generally Or-
thotropic, and Shear Dominated composite types, re-
spectively. The dimensions of the biaxial test plates
are given in Fig. 1, where the thickness of the plates
is approximately 0.285 inches (each with a 0.005 inch
tolerance). A total of 30 NASA test specimens were
examined for the two hole sizes, 9 each for the Quasi-
Isotropic and Shear Dominated specimens, and 12 for
the Generally Orthotropic specimens.

Several studies were carried out for the design geom-
etry of the specimen grips in order to assure for the
constraints of the tests, namely alignment, rigidity, ac-
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cessibility, ease of use, ease of mounting, and repeata-
bility given the working area in the frame and the ge-
ometric limitations of the specimens (3.000x1.250 inch
wide arms (see Fig. 1)). The final design that was im-
plemented into the experimental work made use of four
(one for each arm of the cruciform configuration of the
specimens) stress proof steel grips with a 3.000x1.500
inch polished base which would come in contact with
the load cell mounting plates or ball joints (see Fig.
2). In the center of the grip, a 0.290 inch channel
1.200 inches in depth was machined along the length of
the grip. The specimen arm would sit in this channel,
bonded to the walls of the channel with the use of Dev-
Con plastic steel putty adhesive, treated with Dev-Con
release agent in order to allow for simple separation of
the two materials at the conclusion of the experiment.
More importantly, the Dev-Con putty acted as an inter-
face between the specimen edge and the grip surface on
which the specimen ‘sat’, effectively smoothening out
the interface surface irregularities between the two ma-
terials and ensuring a smooth load transfer. To ensure
proper alignment of the specimen inside the channel
(i.e. ensuring perfectly centered seating of the speci-
men inside the channel), metal shim plates of various
thicknesses were added, as deemed necessary, to both
sides of the specimen while inside the grip. As the
grips were mated directly to the specimen and not to
any portion of the test frame, the alignment of the test
specimen inside the setup became crucial in avoiding
bending effects under load.

Surface strain gage measurements at various loca-
tions on the specimen were recorded. Back to back
strain gages were mounted along the edges of the hole,
as well as in the corresponding far field region. In ad-
dition to these strain gages, a set of strain gages were
mounted inside the hole, along the wall thickness, in
order to record a quantitative change in strain in the
material, revealing failure initiation under biaxial load-
ing (see Fig. 3). Strain gage, along with load cell and
piston LVDT, data were monitored via the computer-
ized data acquisition systern using an industry standard
software package.

A biaxial loading apparatus was constructed from
twin carbon-steel (16 pound weight carbon steel beams,
with maximum carbon content of 0.25) I-beams which
were welded and machined into an H-beam configura-
tion, and incorporated servo hydraulic actuators that
could be programmed in load or displacement feedback
control. This biaxial load apparatus was used for all
the tests reported herein. The operative dimensions of
the frame are as follows: length of 72 inches, width of
36 inches, with a 20 inch square working “window” (see
Fig. 2).

Results and Discussion

The graphite/epoxy NASA composites were tested
with a displacement feedback control, where each op-
posing pair of pistons was programmed to move a cer-
tain distance in a specified time frame. Preliminary
results indicated that a rate of 0.15 inches in 3000 sec-
onds for piston travel would assure for a static test. As
mentioned, both pistons along each axis moved, main-
taining symmetry about the midpoint of the plate. As
the influence of hole size on the failure mode had been
established and verified with the uniaxial [1] and bi-
axial tests of the unidirectional composites, only two
hole sizes, namely 0.500 and 0.415 inch hole diameter,
were used with the graphite/epoxy specimens, the fo-
cus being on developing a failure envelope for composite
plates under various load ratios.

The Quasi-Isotropic specimens with the large (0.5
inch diameter) hole size gave similar failure initiation
and global failure loads, as well as global failure modes,
irrespective of the load paths (i.e. since the specimens
have an equal number of 0%, 90°, £45° plies, the di-
rection of loading will not be a factor in the failure
load/mode of the specimen. This was verified from ex-
perimental results for various loading ratios as well as
the laminate material properties shown in Table 2). In
the cases of loading up through total specimen failure,
there was evidence of ply (local) failure prior to the ulti-
mate load carrying capacity of the specimen (indicated
by the hole strain gages). Catastrophic failure in the
specimen was marked by cracks initiating at the edges
of the hole (perpendicular to the loading direction) and
traversing towards the gripped arms. Two other tests
were carried out with unloading prior to global, but
after local, failure. These specimens were C-scanned
and later deplied for damage detection. This approach
was used for results from all three groups. The smaller
(0.415) hole size specimens gave very similar local and
global failure loads (refer to Table 3) and modes, with a
slight increase in the global failure load values, as would
be expected for a smaller stress raiser area.

The Generally Orthotropic specimens tested exhib-
ited distinct failure initiation and final failure loads
(and load ratios), although failure modes were similar
to the Quasi-Isotropic cases. Here, the load carrying
capacity of the specimen was much higher when the
loading was along the direction which had more 0°-
plies. Again, failure initiation was monitored by the
drop in strain from the gages located inside the hole.
The global failure loads did not increase much with the
smaller hole size. An effort was made to capture local
failure prior to global failure in some of the test spec-
imens, but this proved to be quite difficult due to the
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almost instantaneous reaction time between local and
global failure. Whereas the Quasi-Isotropic specimens
revealed local failure initiation loads below the final
load carrying capability of the structure, the Generally
Orthotropic specimens had a much narrower ‘window’
between local and global failure loads.

The Shear Dominated specimens, similar to the
Quasi-Isotropic specimens, are symmetric about the
two loading axes, although in this case the symmetry
stems from the fact that none of the plies have fibers
running along (or perpendicular to) the loading axes
(all plates have an equal number of plies at £45° to the
loading axes), and this was taken to our advantage to
allow for several pairs of identical tests, with the sec-
ond being stopped after local failure was observed, but
prior to global failure, in order to investigate the local-
ized failure phenomena. The final failure mode for the
Shear Dominated specimens under biaxial loading was
in the form of delamination cracks (i.e. cracks running
at 45° angles to the loading axes) traversing from the
hole edge towards the notched free boundaries of the
plate, running along the interface between plies, as will
be made clear later by the results presented in Table
5. The uniaxial tests showed a localized failure phe-
nomena in the form of long wavelength (on the order
of 120 fiber diameter length) fiber microbuckles along
the angle plies, at very high strains (again, refer to ta-
ble 5). Failure loads for the smaller hole size do show
a marked increase as compared to the large hole size,
with the exception of the 1::1 displacement ratio.

Failure Mechanisms

In the composites containing 0° plies (specifically the
uml- and um2- series), failure initiated along the hole
edge, in some cases traversing towards the gripped arms
or open notches, and in other cases followed by failure at
the grip/arm interface. Failure initiation for the Quasi-
Isotropic and Generally Orthotropic specimens started
as fiber cracks at the edge of the hole, traversing to-
wards the interior of the specimen as a band, not un-
like uniaxially loaded specimens. However, the uniaxial
tests resulted in the bands originating at the center of
the hole edge, while biaxial tests showed a horizontal
shift away from the hole center. Furthermore, both
the uniaxial and biaxial tests showed the fibers within
the bands having undergone a rotation by some angle
and broken at the boundary of the band. For localized
failure initiation, the Quasi-Isotropic and Generally Or-
thotropic specimens again (see [1]) revealed a 3D failure
pattern (i.e. both inplane and out of plane fiber frac-
ture modes), whereas the Shear Dominated specimens
showed an inplane failure mode only. In one case where

the specimen was uniaxially loaded, the initially circu-
lar hole was transformed into an elliptical shape with
no apparent indication of local failure, revealing the
very large deformations the specimen underwent with-
out any drop in load. Upon deplying, large wavelength
inplane buckle patterns were found, with no evidence
of fiber breakage.

The ultimate load carrying capability of the com-
posites, for the hole diameters tested, is highest for
the Generally Orthotropic specimens (when the load-
ing was along the direction containing more 0° plies),
followed closely by the Quasi-Isotropic, with the Shear
Dominated samples failing at approximately 66% of
the Quasi-Isotropic loads. The far field stresses, cor-
responding to local failure initiation and final failure
loads (as determined from the load cell data) divided
by the cross sectional area of the specimen arms, are
presented for the three types of specimens in Tables 3,
4, and 5, respectively, as a function of the hole size. In-
cluded in the tables are the failure initiation strains at
the hole edge (obtained from strain gage readings which
were corrected in order to take into account the finite
width of the strain gages to record true hole strains), as
well as the modes of failure which were identified dur-
ing the sectioning and scanning studies. For each entry
in these tables, the failure mechanism is described as
either of four choices, designated as O-ply 1, O-ply 2,
Angle ply 1 and Angle ply 2. These failure mecha-
nisms are schematically represented in figure 5(a)-(d),
with certain important characteristics, such as typical
band width, microbuckling wavelength, etc., presented
as normalized quantities, where the fiber diameter d;
has been used as the characteristic length scale.

Concluding Remarks

A series of biaxial, inplane compressive loading tests
were carried out on three types of graphite/epoxy com-
posites in order to investigate the mechanisms involved
in the compressive failure of these materials. It was
determined that composite laminates containing plies
oriented in the direction of the loading fail initially due
to fiber kinking, leading to fiber breaks, whereupon this
local instability leads to complete loss of load bearing
capability for the system. In contrast, specimens hav-
ing fibers oriented at an angle to a uniaxial loading di-
rection exhibited long wavelength fiber microbuckling
(at very high strains) and did not exhibit an immedi-
ate catastrophic failure mode, and the biaxial loading
cases led to shear induced delamination cracks as the
final failure mode.
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Material E, E, Gzy | Vzy | Thickness
(Msi) | (Msi) | (Msi) (inch)
[ IM7/5260 | 22.2 | 1.26 [ 0.754 [ 0.30 | 5.94x107 ||

Table 1: Lamina 0%-ply material properties

Laminate Stacking E, E, Gay Vry
Type Sequence (Msi) | (Msi) | (Msi)
Quasi-Isotropic (um1-) [+45/0/ — 45/90]s5 8.43 | 843 | 3.23 | 0.307
Generally Orthotropic (um2-) | [(+45/0/ — 45/0)/ + 45/0/ — 45/90)2, | 5.17 | 11.4 | 3.23 | 0.223
Shear Dominated (um3-) [F¥45/ % 45]6s 2.68 | 2.68 | 5.70 | 0.779
Table 2: Laminate material properties
Far Field Far Field Far Field Far Field Gage 9 Gage 11
Hole Failure Final Final Initial Initial Strain at Strain at
Specimen | Dia. a,B' Mode? Failure Failure Failure Failure Failure Failure
(in.) Stress Oy Stress G, Stress o Stress Oy Initiation Initiation
(ksi) (ksi) (ksi) (ksi) (pstrain) (pstrain)
uml-1 04 1,1 O-ply 2 37.5 40.1 21.1 215 4400 3800
uml]-2 0.4 1,0 | NA3 0.0 38.9 NA NA NA NA
uml-4 0.4 2,1 O-ply 2 25.6 494 16.6 30.2 8200 1500
uml-5 0.5 1,1 O-ply 2 393 39.6 29.2 29.7 10300 5500
uml-6 0.5 1,0 O-ply 1 0.0 38.3 0.0 35.1 15000 4300
uml-9 0.5 1,2 0-ply 2 52.6 279 319 18.1 2500 11000
uml-10 0.5 2,1 O-ply 2 26.0 48.0 17.2 323 10800 8000
uml-11 0.5 0,1 NA TS* TS 0.0 31.6 1500 16400
uml-12 0.5 1,2 O-ply 2 TS TS 35.0 202 2000 12700
1Displacemem Ratios. Refer to Figure 4.
Refer to Figure 5(a),(b).
No data available.
est Stopped.

Table 3: Test Results for Quasi-Isotropic Specimens
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Far Field Far Field Far Field Far Field Gage 9 Gage 11
Hole Fail Final Final Initial Initial Strain at Strain at
Specimen | Dia. | o,p! I\:‘m‘j‘é‘;’ Failure Failure Failure Failure Failure Failure
(in.) Stress oy, Stress Gy Stress o, Stress Oy Initiation Initiation
(ksi) (ksi) (ksi) (ksi) (pstrain) (pstrain)
um2-1 0.4 1,1 O-ply 2 358 413 343 399 9000 5000
um2-2 0.4 0,1 NA3 0.0 46.5 NA NA NA NA
um2-3 04 1,0 |NA 25.3 0.0 NA NA NA NA
um2-7 0.4 1,2 NA 254 49.6 NA NA NA NA
um2-8 04 2,1 NA 433 240 NA NA NA NA
um2-4 0.5 1,0 {O-plyl TS* TS 22.6 0.0 2800 14500
um2-5 0.5 1,0 | O-plyl 27.8 0.0 222 0.0 NA NA
um2-6 0.5 1,1 NA 40.6 412 NA NA NA NA
um2-9 0.5 2,1 NA 47.1 28.9 NA NA NA NA
um2-10 0.5 1,2 | O-ply2 26.0 514 25.7 50.9 15900 3800
um2-11 0.5 0,1 NA 0.0 48.7 NA NA NA NA
um2-12 0.5 1,2 NA 23.6 49.0 NA NA NA NA
lDispla(:en'nant Ratios. Refer to Figure 4.
efer to Figure 5(a),(b).
3No data available.
4Test Stopped.
Table 4: Test Results for Generally Orthotropic Specimens
Far Field Far Field Far Field Far Field Gage 9 Gage 11
Hole Failure Final Final Initial Initial Strain at Strain at
Specimen | Dia. a,Bl Mode2 Failure Failure Failure Failure Failure Failure
(in.) Stress Oy Stress oy Stress o, Stress oy Initiation Initiation
(ksi) (ksi) (ksi) (ksi) (ustrain) (pstrain)
um3-1 0.4 1,1 NA3 26.7 26.7 NA NA NA NA
um3-2 0.4 1,0 | NA 31.3 0.0 NA NA NA NA
um3-7 04 1,2 | Angleply2 | 23.0 36.3 10.1 19.2 9000 3000
um3-8 04 0,1 Angle ply 1 1S4 TS 0.0 234 18500 30000
um3-3 0.5 1,0 | Angleply !l | 238 0.0 22.2 0.0 23500 17000
um3-9 0.5 2,1 Angleply2 | TS TS 332 224 15500 1100
um3-10 0.5 1,2 | Angleply2 | 213 322 18.4 29.0 1500 12500
um3-11 0.5 1,0 | Angleplyl | TS TS 0.0 233 31400 16200
um3-12 0.5 1,1 NA 35.1 374 NA NA NA NA
1Displa«r:emem Ratios. Refer to Figure 4.
Refer to Figure 5(c),(d).
No data available.
est Stopped.

Table 5: Test Results for Shear Dominated Specimens
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Fig. 5 Failure Modes
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