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Abstract

Finite element simulations of three laminates in open-hole and unnotched configurations subjected to tension and

compression quasi-static loading are investigated as part of the Damage Tolerant Design Principles program organized

by the Air Force Research Laboratory. The coupons are made from unidirectional IM7/977-3 plies, which are a com-

posite material composed of intermediate modulus carbon fibers and a toughened epoxy matrix. Blind simulations of

coupon stiffness, nominal coupon stress at failure and damage evolution are benchmarked against experimental meas-

urements and X-rays. The blind simulations are followed by a second round of simulations where the modeling strategy

is modified to improve agreement between the simulations and experiments. In the present article, the commercial

software Autodesk Helius PFA is used to model the non-linear response of the composite material. Within Helius PFA,

failure is evaluated at the constituent level by extracting the fiber and matrix volume average stress state from the

homogenized composite stress state. The relationships between the composite and constituents are developed using

multicontinuum theory and a high-fidelity micromechanics model.
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Introduction

This paper describes the use of Autodesk Helius PFA in
simulating the behavior of composite coupons sub-
jected to axial tensile and compressive loading. Helius
PFA is a commercial finite element-based software
product used to simulate the onset and evolution of
damage in structures made with composite materials
and is integrated with finite element codes including
Abaqus, ANSYS, and MSC Nastran.

Many composite specific failure criteria, particularly
those originating many years ago such as Puck,1–2 Tsai
and Wu,3 and Hashin,4 might be considered as macro-
mechanics based since they compute damage using com-
posite level stress and strain values. For example, the
Hashin failure criterion uses composite level stresses to
compute failure in the fiber and matrix. However, many
of the more recent failure criteria, for instance the
Generalize Method of Cells5 and the method discussed
in the present article, utilize stress and strain data from
the individual constituents that comprise the composite

and as such, are regarded as micromechanics-based fail-
ure criteria. A comparison of the predictive capabilities
of these modern failure criteria is a warranted and edu-
cational exercise and will serve as a benchmark, in a
similar fashion as the world-wide failure exercise,6 for
others to judge the benefits and limitations of each code.

The objective of this article is to review the efforts of
the present authors in using Helius PFA to simulate
failure in open-hole and unnotched coupons under
the guidance of the Damage Tolerant Design
Principles Tech Scout 1 program which was organized
by the AFRL. The effort consisted of blind simulations
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followed by updated simulations that were made after
examination of the experimental results.

Progressive damage methodology under
quasi-static loading

The foundational component of Helius PFA is a micro-
mechanics-based failure criterion that uses multiconti-
nuum theory (MCT)7–10 to efficiently establish
relationships between volume average composite and
volume average constituent stresses and strains.
Fundamentally, damage in composite materials initi-
ates in the individual constituents and therefore the
argument for using constituent stresses and strains to
evaluate damage in the fiber and matrix becomes obvi-
ous. For example, damage in the fiber constituent is
driven by the stress and strain state in the fiber con-
stituent, not the stress and strain state in the matrix
constituent nor the stress and strain state in the homo-
genized composite. In order to take full advantage of
access to stress and strain information in the fiber and
matrix, Helius PFA employs individual failure criteria
for the matrix and fiber and the matrix failure criterion
is based on volume average matrix stresses and the fiber
failure criterion is based on volume average fiber stres-
ses. If the matrix failure criterion is satisfied, then the
stiffness of the matrix is reduced and likewise, if the
fiber failure criterion is satisfied, then the stiffness of
the fiber is reduced. There are two methods of
damage evolution in Helius PFA, and they are referred
to as instantaneous degradation and energy-based deg-
radation. With instantaneous degradation, the stiffness
of the constituent is reduced instantly to a user-
specified value when its failure criterion is satisfied.
For unidirectional materials, there are three damage
states: unfailed matrix and unfailed fiber, failed
matrix and unfailed fiber, and failed matrix and failed
fiber. In contrast to instantaneous degradation, the
energy-based degradation method permits a gradual
reduction in constituent stiffness and the rate of stiff-
ness reduction is dependent on the size of the element,
which makes the energy-based degradation method less
mesh sensitive than the instantaneous degradation
method.

To understand how this methodology operates
within the context of a finite element solver, it is con-
venient to trace the data through a given solver iter-
ation when the damage evolution method is
instantaneous degradation:

1. For every integration point in the finite element
model that has a Helius PFA material assigned to
it, the solver passes the homogenized composite
stress and strain state to the Helius PFA
subroutines.

2. The constituent stress and strain states are computed
from the homogenized composite stress and strain
states using MCT. The relationships between the
fiber, matrix, and composite are established during
the material characterization phase (discussed in the
following section) which occurs prior to the start of
the finite element simulation.

3. Next, the matrix stress state for each integration
point is passed to the matrix failure criterion and
the fiber stress state for each integration point is
passed to the fiber failure criterion. If either failure
criterion is satisfied, then the stiffnesses of the failed
constituent(s) are reduced. If the failure criterion is
not satisfied, then the stiffnesses of the constituent
remain the same.

4. The current stiffnesses for the fiber and matrix are
then used to calculate updated, homogenized com-
posite stiffnesses. To reiterate, the relationships
between the fiber, matrix, and composite were estab-
lished during the material characterization phase so
these calculations are quick and efficient.

5. The Helius PFA subroutine calculates the stress state
for the composite material at each integration point
and then passes the composite stress state and the
composite stiffnesses back to the solver.

6. Steps 1–5 are repeated for every equilibrium iter-
ation in the analysis.

During post-processing, variables computed by Helius
PFA, such as the fiber and matrix failure indices and
the damage state, can be viewed and manipulated in the
same manner as standard field variables such as stress
and strain. For complete details regarding the Helius
PFA progressive damage model, refer to the Helius
PFA Theory Manual.11

Material characterization

Before Helius PFA can model the response of a com-
posite material, the material must be characterized. For
unidirectional composite materials, Helius PFA
assumes transverse isotropy and requires only ply-
level elastic constants and strengths for material char-
acterization. Specifically, the ply-level elastic constants
E11, E22, G12, �12, and �23, tensile and compressive
strengths S11 and S22, shear strengths S12 and S23,
and fiber volume fraction are required. The material
characterization process occurs once for a given mater-
ial and a composite material library can be built con-
taining many materials that can be called on by the
Helius PFA subroutines during the finite element
solution.

During characterization, the in-situ fiber and matrix
properties are determined using an optimization rou-
tine that causes a high fidelity micromechanics finite
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element model of the heterogeneous composite material
to produce composite elastic properties that closely
match the measured properties. Additionally, the mea-
sured ply-level strengths are utilized to compute the
coefficients of the fiber and matrix failure criteria.

For the blind simulation portion of this program,
the measured ply elastic constants and strengths that
were provided by AFRL were used, with the following
exceptions:

. The longitudinal modulus, E11, for all models was
set to the measured tensile longitudinal modulus,
ET
11. In hindsight, it is obvious that the models

loaded in compression should have used the mea-
sured compressive longitudinal modulus, EC

11,
instead of the measured tensile longitudinal modu-
lus. This was an oversight that was corrected in the
calibrated simulations.

. The transverse tensile strength, ST
22, was set to the

value obtained from the three-point bend test
(130MPa) rather than the measured value from the
90� tensile test (44.4MPa), because the value from
the 90� test was very low in comparison to measured
ST
22 values from similar materials.

. The transverse Poisson ratio, �23, and transverse
shear strength, S23,were not provided as measured
inputs. These parameters are uncommon for most
materials and therefore engineering judgment and
experience is required to estimate their values. For
the blind simulations, �23¼ 0.47 and S23¼ 155MPa.

Modeling strategy

The ability of a given finite element-based composite
failure theory to successfully simulate physical
damage mechanisms occurring in composite structures
is fundamentally dependent on the fidelity of the mesh
discretization. For example, a mesh with a single elem-
ent in the laminate stack direction that represents the
entire laminate will not be able to simulate interlaminar
failure (delamination). Ideally, a structural composite
mesh will have sufficient fidelity to capture all of the
failure modes, but this is often impractical because such
meshes can be overwhelming to construct, overload
available computing resources, or simply require too
much time to simulate the complete load history. The
practical approach, then, is to create a model that pro-
vides sufficiently accurate simulations without being
overly cumbersome.

One of the most important modeling decisions is
mesh discretization in the laminate stack direction.
For solid element types, the two most common
through-thickness discretization methods use either
layered elements or non-layered elements. In the

context of a composite structure, layered elements con-
tain multiple plies per element, while non-layered elem-
ents have a single ply per element. In general, the use of
layered elements is appropriate for thin laminates
where the in-plane stress components are dominant
while non-layered elements are suitable for thick lamin-
ates, where transverse shear and transverse normal
stress components are significant. Non-layered elem-
ents are especially preferred when the model contains
stress concentrations that cause large transverse shear
and transverse normal stress gradients because they
allow for the transverse normal material lines for each
ply to translate and rotate, whereas plies within layered
elements deform as a unit and it is the transverse
normal material lines for the laminate, rather than the
lamina, that translate and rotate. Additionally, layered
elements usually do not exhibit appreciable stiffness
reduction until fiber failure occurs within one or more
of the plies, while non-layered elements are able to rep-
resent the local softening that occurs due to matrix and
fiber failure. Since half of the coupons studied in the
static portion of this program have a notch which is a
deliberate stress concentration, the meshes for all of our
models use non-layered elements. Regarding run-times,
it is acknowledged that non-layered elements are less
efficient than layered elements but the time savings rea-
lized from a switch to layered elements were not enough
to justify their use. In fact, the cumulative run-time for
all 12 calibrated models was less than 5 h on a standard
desktop workstation.

The Abaqus element type C3D8R, which is an eight-
node, reduced-integration continuum hex element, was
used in all of the models for this study. In addition to
their inherent efficiency, another benefit of reduced-
integration elements, particularly for progressive
damage simulations, is that the stiffness of the entire
element is dictated by a single integration point.
In practice, when the failure criterion is satisfied at
the integration point of a reduced-integration element,
the stiffness of that integration point is reduced and the
entire element is then representative of a material with a
reduced stiffness. In contrast, consider a fully integrated
element with eight integration points. If the failure cri-
terion at, say, two or three of these integration points is
satisfied, then the element will contain a mixture of
integration points with reduced and full stiffness and
thus the element is representing a hybrid material that
is neither completely unfailed nor completely failed.

A method of simulating interlaminar damage is
another consideration during the model creation pro-
cess. To simulate interlaminar damage, the mesh must
have a mechanism, such as the Cohesive Zone
Method,12,13 which permits separation of plies.
However, any method of simulating interlaminar
damage will require additional material parameters
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that are often not readily available which can lead to
uncertainties arising from the need to estimate the par-
ameters. Furthermore, some methods of simulating
interlaminar damage have shown a considerable mesh
dependenancy.14 In the spirit of maintaining this team’s
stated goal of minimizing complexity while providing
sufficient simulations, our models did not include a
method of evaluating interlaminar damage. While we
later learned that interlaminar damage was a major
failure mechanism in some of the unnotched coupons,
the decision to exclude interlaminar damage from our
models was made to reduce model complexity, reduce
model creation and solution run-times, and to avoid the
necessary step of calibrating the cohesive parameters.

This program included open-hole tension (OHT),
open-hole compression (OHC), unnotched tension
(UNT), and unnotched compression (UNC) coupon
tests and there were three layups for each coupon
resulting in a total of 12 configurations. The layups
were [30/60/90/�60/�30]2S, [0/45/90/�45]2S and [60/0/
�60]3S with the 0� direction parallel to the loading dir-
ection. The finite element geometry and mesh used for
the calibrated OHT and OHC simulations are shown in
Figure 1. Since we are not concerned with determining
the compliance of the experimental load train (the
coupon plus the fixture) and because failure will be
driven by the notch, the inclusion of the fixtures
would only serve to add unnecessary complexity to
the model. Therefore, the OH model includes only the
gage section and the boundary conditions are applied
to the uppermost and bottommost surfaces of the gage
section. The width of the OH model is 3.81 cm, the

length is 20.32 cm, and the notch radius is 0.3175 cm.
For all models, the ply thickness is 0.012954 cm. The in-
plane mesh discretization for the OH model consists of
a ‘‘notch-centric’’ design that is characterized by a cir-
cular mesh around the notch which quickly transitions
to a rectangular mesh when moving away from the
notch. The mesh for the calibrated UNC model is
shown in Figure 2. The test fixture was excluded from
this model because it was desired to produce the most
pure stress state possible in the gage section and mod-
eling of the fixtures would introduce artificial stress
concentrations into the model. Therefore, this model
consists of a gage section that is divided such that
there are linear materials (dark gray) that bound the
middle region (light gray) which is allowed to fail.
The regions with linear material act to isolate the
middle region from the inevitable stress concentrations
that occur due to application of boundary conditions at
the uppermost and bottommost surfaces of the model.
The UNC model width is 2.54 cm and the length is
3.81 cm. The calibrated UNT geometry and mesh are
shown in Figure 3. The UNT model does not include
fixtures but does include the tabs that are bonded to the
coupon and the entire load is applied to the face of the
tab via shear and transferred into the coupon through
the tab. The UNT model width is 2.54 cm and the
length is 25 cm. Because all of the laminates studied
in this program are symmetric, it is only necessary to
model half of the number of plies and this is achieved
using symmetry constraints on the laminate-mid plane
surface. Finally, the matrix and fiber degradation
values, 0.1 and 1.0E-06, respectively, were used across
all simulations. These values are specific to the instant-
aneous degradation damage evolution method within
Helius PFA and they define the ratio of damaged to

Figure 1. Geometry and mesh for calibrated open-hole tension

and compression models.

Figure 2. Mesh for the calibrated unnotched compression

models.
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undamaged constituent stiffnesses. For example, a
matrix degradation value of 0.1 indicates that the stiff-
ness of the matrix shall be reduced to 10% of the
undamaged matrix stiffness upon satisfaction of the
matrix failure criterion.

Calibration

Upon review of the blind simulations, modifications
were made to the material elastic constants and
strengths and the element size. Here, the specific
changes will be discussed and the consequences of
these changes on the simulations will be exposed in
the following section. The only elastic constant that
was changed during the calibration process was the lon-
gitudinal modulus, E11, and it was simply altered so
that the models loaded in compression used the mea-
sured compressive longitudinal modulus,
EC
11 ¼ 137.7GPa, and the models loaded in tension

used the measured tensile longitudinal modulus,
ET
11¼ 164.3GPa. The teams participating in this pro-

gram agreed that the measured compressive longitu-
dinal strength, SC

11¼ 1,274MPa, was unexpectedly low
and so the decision was made to use the value published
by the material manufacturer,15 SC

11¼ 1682MPa. The
tensile transverse strength, ST

22, was reduced from the
value obtained from the three-point bend test,
130MPa, to a value of 80MPa. This decision was
based on the acknowledgement that the measured
value is very large compared to similar materials and
generally speaking, ST

22<S12 for unidirectional com-
posite materials (S12¼ 99MPa in our models). The
value, ST

22¼ 80MPa, was not tuned to the experimental
results and was simply selected based on engineering
judgment and a comparison with measured values

from similar materials. The final material modification
was the reduction of the transverse shear strength, S23,
from 155MPa to 80MPa. S23 was not measured by the
AFRL and the value used in the blind simulations was
excessively large and based on a poor comparison to
another material. In general, S23 is similar in magnitude
to ST

22 for many unidirectional composite materials and
the specific value of S23 should not play a large role in
these particular models so for the calibrated simula-
tions, S23 was set to 80MPa. Finally, the element
aspect ratio (defined here as the element width dimen-
sion relative to element thickness dimension) increased
from 8:1 for the blind simulation models to 10:1 for the
calibrated models. To maintain an accurate representa-
tion of the notch in moving to a larger element size, the
number of elements around the notch in the OH models
was increased from 20 to 24. A side-by-side comparison
of the OH blind simulation and calibrated simulation
meshes is shown in Figure 4. The increase in element
size is reflective of the element size dependency of the
instantaneous degradation damage evolution method
used by Helius PFA.

Results

The finite element simulations were conducted in two
stages. In the first stage, Helius PFA was used to make
blind simulations of the response of all four test speci-
mens to complete failure (three different lamination
layups per specimen). After the blind simulations
were completed, the authors were provided the actual
test data so that the blind simulations could be com-
pared to the test data. The second stage of the analysis
was a calibrated simulation of the same 12 specimen/

Figure 4. OH mesh used in blind simulations (left) and

calibrated simulations (right).

Figure 3. Unnotched tension model geometry and calibrated

mesh.
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layup combinations after comparing the original blind
simulations and the measured test data. In order to
prevent the calibrated simulations from simply becom-
ing a curve fitting exercise, sound engineering justifica-
tion had to be provided for any adjustments to the
material model coefficients or modeling methodology.
The adjustments to the material model that were used
in the calibrated simulations were described in the pre-
vious section.

Table 1 provides a comparison between the mea-
sured and simulated stiffness of each of the 12 speci-
men/layup combinations, in addition to a comparison
between the measured and simulated load levels at
which failure occurred in each of the 12 specimen/
layup combinations. In Table 1, the failure load level
is reported as the nominal axial stress (MPa) on the test
specimen, i.e. the net axial force on the specimen
divided by the specimen’s cross-sectional area. The
overall stiffness of the specimen is computed by divid-
ing the specimen’s nominal axial stress (MPa) by the
nominal axial strain on the specimen. In each case, the
nominal axial strain is computed using the elongation
of a central gauge section (length¼ 2.54 cm) that is cen-
tered about the specimen’s centroid.

Examination of the specimen stiffnesses in Table 1
reveals that the blind simulations showed good agree-
ment with the measured results for the tensile specimens
(UNT and OHT) for all three laminate layups. The
stiffness values from the blind simulations for the ten-
sile specimens were all slightly higher (with a range of
þ1% to þ8%) than the corresponding measured

stiffnesses; this slight over-prediction is probably due
in part to the relative coarseness of the meshes used
to represent the specimens. In contrast, the blind simu-
lations consistently over-predicted the stiffness of the
compression specimens (UNC and OHC) for all three
laminate layups (with a range of þ14% to þ29%). The
over-prediction of the stiffness of the compression spe-
cimens was due primarily to the fact that the measured
longitudinal modulus of the composite material was
significantly higher in tension than in compression
(i.e. measured ET

11 4EC
11), and all of the blind simula-

tions simply used E11 ¼ ET
11. In the calibrated simula-

tions, the longitudinal modulus of the composite
material was switched to E11 � EC

11 for all of the com-
pression specimens, while the longitudinal modulus was
kept at E11 � ET

11 for all of the tension specimens.
Consequently, the calibrated simulations yielded over-
all specimen stiffnesses that agreed very well with the
measured stiffnesses of all 12 specimen/layup
combinations.

Table 1 shows a comparison between the measured
and simulated failure stress levels for all 12 specimen/
layup combinations. A comparison of the simulated
and measured results for the [0/45/90/�45]2S laminate
specimens reveals that the blind simulations were sig-
nificantly more accurate for the tensile specimens
than the compressive specimens. The lower accuracy
of the compressive specimen simulations can be
explained by the fact that the blind simulations were
performed using a longitudinal compressive strength
(SC

11¼ 1274MPa) that was considered to be too low,

Table 1. Summary of simulated vs. measured stiffness and stress at failure.

Nominal coupon stiffness (GPa) Nominal coupon stress at failure (MPa)

Coupon Blind Calibrated Blind Calibrated

Laminate type Measured simulation simulation Measured simulation simulation

[0/45/90/�45]2s UNT 60.5 61.3 61.3 866 875 879

OHT 48.3 50.8 50.6 554 503 524

UNC 48.0 59.0 50.9 603 457 619

OHC 44.5 50.8 43.4 341 221 308

[60/0/�60]3s UNT 59.5 61.8 61.6 1005 896 877

OHT 48.8 51.1 50.9 543 423 485

UNC 48.9 59.4 50.9 765 463 622

OHC 44.4 51.1 43.6 358 201 299

[30/60/90/�60/–30]2s UNT 38.0 40.2 40.2 473 697 679

OHT 32.4 35.0 35.0 409 392 400

UNC 33.5 43.3 38.1 382 398 531

OHC 30.1 35.0 30.5 295 203 283

OHT: open-hole tension; OHC: open-hole compression; UNT: unnotched tension; UNC: unnotched.
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hence the blind compression specimen simulations
failed at significantly lower loads than were measured
(e.g. �24% for the UNC specimen, and �35% for the
OHC specimen). In the calibrated simulations for the
[0/45/90/�45]2S tension and compression specimens,
the longitudinal compressive strength of the composite
material was increased by 32% to the manufacturer’s
published value of SC

11¼ 1682MPa. Consequently, the
calibrated simulations of the [0/45/90/�45]2S laminate
showed good agreement with the measured failure
loads for both the tension and compression specimens.
Specifically, the predicted failure loads for the [0/45/90/
�45]2S UNT and OHT specimens were within 5% of
the measured failure loads, while the simulated failure
loads for the [0/45/90/�45]2S UNC and OHC speci-
mens were within 10% of the measured failure loads.

Figures 5 through 8 show a comparison of the over-
all responses from the blind simulations and the cali-
brated simulations with the actual measured responses
for the [0/45/90/�45]2S UNT, OHT, UNC, and OHC
specimens, respectively. Each of these figures also show
the 95% confidence interval for the measured failure
loads. It should be emphasized that the observed non-
linearity in the simulated responses shown in Figures 5
through 8 is due to the accumulation of local material
damage which results in local material softening.
Further, in Figures 5 through 8, the last recorded
data point in each of the simulated and measured spe-
cimen responses represents the load bearing condition
just prior to global failure of the specimen (i.e. global
failure occurs in the next load increment).

Now consider the results for the [60/0/�60]3S lamin-
ate specimens shown in Table 1. Compared to the blind
simulation strength results for the quasi-isotropic
laminates, the blind simulations for the [60/0/�60]3S
laminate specimens compared less favorably with the
measured results. However, the blind simulation results
for the [60/0/�60]3S laminate specimens showed a

similar trend to that seen in the quasi-isotropic lamin-
ates; namely, the blind simulations were significantly
more accurate for the UNT and OHT tensile specimens
(with an error range of �10% to �22%) than the UNC
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and OHC compressive specimens (with an error range
of �39% to �44%). Again, the lower accuracy of the
[60/0/�60]3S compressive specimens can be explained
by the fact that the blind simulations were performed
using a longitudinal compressive strength
(SC

11 ¼ 1,274MPa) that was considered to be too low,
hence the blind compression specimen simulations
failed at significantly lower loads than were measured.
In the calibrated simulations for the [60/0/�60]3S tensile
and compression specimens, the longitudinal compres-
sive strength of the composite material was increased
by 32% to the manufacturer’s published value
of SC

11¼ 1682MPa. Consequently, the calibrated simu-
lations of the [60/0/�60]3S laminates showed much
better agreement with the measured failure loads for
both the tension and compression specimens.
Specifically, the simulated failure loads for the [60/0/
�60]3S UNT and OHT specimens were within 12% of
the measured failure loads, while the simulated failure
loads for the [60/0/�60]3S UNC and OHC specimens
were within 18% of the measured failure loads.

Figures 9 through 12 show a comparison of the over-
all responses from the blind simulations and the cali-
brated simulations with the actual measured responses
for the [60/0/�60]3S UNT, OHT, UNC, and OHC spe-
cimens, respectively. Any observed nonlinearity in the
simulated responses shown in Figure 9 through 12 is
due to the accumulation of local material damage
which results in local material softening.

Now consider the results for the [30/60/90/�60/
�30]2S laminate specimens shown in Table 1. Unlike
the previous two laminates discussed, the results for
the [30/60/90/�60/�30]2S laminate specimens show no
clear trend. For example, the blind simulations for the
UNT and OHC [30/60/90/�60/�30]2S laminate speci-
mens compared poorly with the measured results, while
the blind simulations for the OHT and UNC [30/60/90/
�60/�30]2S laminate specimens compared very well

with the measured results. After increasing the longitu-
dinal compressive strength of the composite material
from SC

11 ¼ 1274MPa to SC
11 ¼ 1682MPa during the

calibrated simulations, the OHT and OHC simulated
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Figure 12. Simulated and measured responses for the [60/0/

�60]3S open-hole compression specimen.

0

200

400

600

800

1,000

1,200

0.000 0.005 0.010 0.015 0.020 0.025

St
re

ss
 (M

Pa
)

Strain (m/m)

UNT - [60/0/-60]3S

Experiment

95% confidence bounds (experiment)

Blind simula�on

Calibrated simula�on

Figure 9. Simulated and measured responses for the [60/0/

�60]3S unnotched tension specimen.
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�60]3S open-hole tension specimen.
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Figure 11. Simulated and measured responses for the [60/0/

�60]3S unnotched compression specimen.
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results agreed very well with the measured results (�2%
to �4% error), while the UNT and UNC simulated
results showed poor agreement with the measured
results (þ39% to þ44% error). The lack of a clear
discernable trend in the simulated responses of the
[30/60/90/�60/�30]2S laminate specimens is probably
due to the fact that the actual progressive failure mech-
anisms for this laminate are too complex to be captured
by the present modeling methods. For the tensile and
compressive loadings seen in the UNT, OHT, UNC,
and OHC specimens, the [30/60/90/�60/�30]2S lamin-
ate is considered to be quite soft (i.e. no plies with fibers
in the load direction). This laminate is anticipated to
exhibit considerable delamination in order to link
damage that is evolving on the various pairs of adjacent
plies. For the sake of computational simplicity and exe-
cution speed, the present modeling approach does not
explicitly account for delamination. Consequently, any
tendency for local delamination to occur must manifest
as matrix failure within the individual plies.

Figures 13 through 16 show a comparison of the
overall responses from the blind simulations and the

calibrated simulations with the actual measured
responses for the [30/60/90/�60/�30]2S UNT, OHT,
UNC, and OHC specimens, respectively. Each of
these figures also show the 95% confidence interval
for the measured failure loads.

It should be emphasized that the simulation
responses seen in Figures 5 through 16 are progressive
failure simulations, where a finite amount of distributed
material damage is typically accumulated prior to final
failure. To illustrate the damage that accumulates prior
to final failure, Figures 17 through 19 compare simu-
lated damage with observed damage for the three OHT
specimens ([0/45/90/�45]2S, [60/0/�60]3S, and [30/60/
90/�60/�30]2S, respectively). Figure 17 compares
observed and simulated damage in the [0/45/90/�45]2S
OHT specimen. The top portion of Figure 17 shows X-
ray images of the damage detected on four representa-
tive plies of the [0/45/90/�45]2S OHT specimen at 90%
of the measured failure load. The middle portion of
Figure 17 shows the damage from the blind simulation
on the same four representative plies of the [0/45/90/
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90/�60/�30]2S unnotched tension specimen.
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�45]2S OHT specimen at 90% of the simulated failure
load. Finally, the lower portion of Figure 17 shows the
damage from the calibrated simulations on the same
four representative plies of the [0/45/90/�45]2S
OHT specimen at 90% of the simulated failure load.
In the simulated damage distributions, the light gray
elements have no material damage; the medium gray
elements have matrix failure but no fiber failure, and
the black elements have both fiber and matrix failure.
The interpretation of the three portions of Figures 18
and 19 is similar to Figure 17, except that they show the
[60/0/�60]3S and [30/60/90/�60/�30]2S laminates,
respectively.

In comparing the simulated damage to the observed
damage, one must consider the density of the finite
element mesh (or element size) that is being used to
represent the actual damage mechanisms exhibited by
the specimen. Examination of the X-ray images for the
three OHT laminates in Figures 17 through 19 shows
myriad transverse matrix cracks that emanate from the
notch. Obviously, it would require an extremely fine
mesh in order for those elements with predicted
matrix failure to accurately represent the transverse
matrix cracking that can be seen in the X-ray images.
The mesh used in the OHT specimens is quite coarse
relative to the size of the observed transverse matrix

cracks; in fact, in many cases, there are several distinct
transverse matrix cracks that are observed within the
region that a single element occupies. Consequently,
one would expect the simulated distribution of matrix
failure to approximately cover the same general regions
where the matrix cracks are observed. However, the
important issue is that the collection of matrix-failed
elements should result in approximately the same
local ply stiffness degradation and stress concentration
characteristics as the collection of discrete matrix
cracks in the actual specimen.

In Figures 17 through 19, it is noted that the cali-
brated simulations show considerably more matrix
failure (medium gray elements) than the blind simu-
lations. This increase in matrix failure is primarily
caused by the fact that the calibrated simulations used
a much lower transverse tensile strength (ST

22) for the
composite material. Specifically, ST

22¼ 130MPa for the
blind simulations, and ST

22¼ 80MPa for the calibrated
simulations. For OHT specimens, the transverse
normal stress (s22) is particularly significant in the
90� and �60� plies and to a lesser degree in the �45�

plies; consequently, the 90� and �60� plies show the
largest increase in matrix failure in going from the
blind simulation results to the calibrated simulation
results.

Figure 17. Comparison of X-ray images of damage to simulated damage distribution at 90% of ultimate load for the [0/45/90/�45]2S

open-hole tension specimen (loading direction is vertical).
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Figure 18. Comparison of X-ray images of damage to simulated damage distribution at 90% of ultimate load for the [60/0/�60]3S

open-hole tension specimen (loading direction is vertical).

Figure 19. Comparison of X-ray images of damage to simulated damage distribution at 90% of ultimate load for the [30/60/90/�60/

�30]2S open-hole tension specimen (loading direction is vertical).
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Summary and conclusions

Autodesk’s Helius PFA software package was used in
conjunction with the Abaqus/Standard finite element
code to simulate the progressive failure response of
four different types of laminated composite test cou-
pons; namely, an UNT coupon, an OHT coupon, an
UNC coupon, and an OHC coupon. For each type of
coupon, three different laminate layups were simulated:
a [0/45/90/�45]2S laminate, a [60/0/�60]3S laminate,
and a [30/60/90/�60/�30]2S laminate. The simulations
were performed in two stages. The first stage was a
blind simulation of each of the 12 specimen/layup com-
binations. After the blind simulations were completed,
the authors were provided access to the measured test
data for each of the 12 specimen/layup combinations.
The second stage of the simulations was calibrated
simulations of all 12 specimen/layup combinations.
The main modeling adjustments that were employed
in the calibrated simulations were changes to some of
the moduli and strengths of the composite material and
a slight increase in element size. More precisely, during
the calibrated simulations, the longitudinal modulus
was allowed to exhibit a significant difference between
tension and compression responses, and three of the
composite material strengths were changed to better
reflect measured values commonly found in the litera-
ture (namely, the longitudinal compressive strength, the
transverse tensile strength, and the transverse shear
strength). The calibrated simulations accurately repre-
sented the overall stiffness of all 12 specimen/layup
combinations. The overall specimen failure loads
from the calibrated simulations agreed well with the
measured strengths for the various [0/45/90/�45]2S
and [60/0/�60]3S laminates with all simulated values
being within 18% of the measured failure loads.
However, for the soft [30/60/90/�60/�30]2S laminate,
the calibrated simulations significantly over-predicted
the strength of the UNT and UNC specimens (þ39%
and þ44% error respectively). For this particular
laminate, the experimentally observed failure process
exhibited a significant amount of delamination which
served to link the transverse matrix cracking on the
various adjacent plies. The present modeling method
did not explicitly account for delamination; conse-
quently, the model required an increased amount of
load in order to achieve the failure condition in the
absence of localized delamination.
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