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Abstract

This report documents a validation study on the standard Open Hole Compression
(OHC) laminate test specimen conducted as part of the NASA Advanced Com-
posites Project (ACP). Tests were conducted on OHC specimens with hard, quasi-
isotropic, and soft layups using digital image correlation and X-Ray computed to-
mography to capture the structural response and damage evolution. Progressive
damage models were constructed for use with the CompDam continuum damage
mechanics code following the best practices established during the ACP. Detailed in-
terrogation of the analysis results and comparison with experimental measurements
provide a basis for assessing the capability of the modeling approach for OHC. The
structural response is found to be captured well, with strengths predicted within
3% of the experimental values for hard and quasi-isotropic laminates. In the soft
laminate, the model predicts failure to be more brittle than the nonlinear, ductile
response that was measured. Damage states extracted from the models at the same
load level as test measurements are overlaid to show directly the similarities and
differences between test and analysis results. Studying the damage evolution pre-
dicted by the analysis reveals that the failure process is a competition between fiber
damage and delamination/sub-laminate buckling, with fiber damage dominating
the collapse in the hard laminate and sub-laminate buckling governing in the soft
laminate. Finally, a series of parametric studies varying numerical solution param-
eters (mesh size, mass scaling) and physical properties (fiber direction compressive
strength and toughness) reveal sensitivities and deficiencies of the model. To the
authors’ knowledge, this study is the first for OHC specimens to include detailed
evaluation of damage mode interactions, direct overlay of predicted and measured
damage states, and sensitivity of the predicted results to difficult-to-measure fiber
direction material properties.
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1 Introduction

The Open Hole Compression (OHC) specimen is a common coupon used to obtain
design allowables for composite aerospace structures. The OHC specimen is also a
valuable configuration for evaluating the capability of progressive damage and fail-
ure analysis (PDFA) techniques with regard to compression failures since a complex
network of matrix cracking, delamination, and fiber damage develop and then pre-
cipitate catastrophic failure. The damage events are numerous, discrete, and are
often competing mechanisms that eventually result in two-piece failure. As a result,
to the authors’ knowledge, no model is able to predict accurately the structural re-
sponse and associated damage across a wide range of OHC specimen configurations.

The hallmark of a successful PDFA model is that it predicts a laminate-level
structural response resulting from damage onset and propagation using material
properties measured at the ply or constituent level. In general, evaluating the ca-
pability of PDFA techniques involves accurately capturing stiffness, strength, and
damage progression. Although capturing the stiffness and strength is necessary,
focusing only on these two objectives omits validation of underlying progression of
the damage mechanisms, which is the mechanism by which the structural response
is predicted in PDFA. Therefore, it can only be expected that a PDFA approach is
predictive when it captures not only the stiffness and strength, but also the dam-
age progression observed in validation tests. Therefore, a detailed experimentally-
informed understanding of the damage progression behavior is needed.

An early account of the sequence of events leading to failure in OHC specimens
with different layups is given by Waas et al. [1] based on a series of experiments
using holographic interferometry to identify local out-of-plane displacements and
photomicrography of the hole surface. They report failure is initiated by fiber kink-
ing in the 0◦ plies at the hole surface, followed by extensive delamination and crack-
ing that propagates until the delaminated area reaches a critical size corresponding
to sufficient loss of flexural stiffness for collapse of the specimen. Through visual
observations on the hole surface and out-of-plane deformations on the face of the
specimens recorded through the loading sequence, Waas et al. infer that fiber kink-
ing onset occurs instantaneously. When the specimen does not collapse at this point,
the fiber kinking subsequently propagates stably under increasing load. In addition,
the authors report that the failure is more brittle in hard laminates with a large
percentage of 0◦ plies and relatively ductile in soft laminates with few 0◦ plies. Sev-
eral other experimental studies have reported similar findings regarding the damage
modes and sequence of events [2–5]. In Suemasu et al. 2012 [6], observations from
a high-speed camera were used to conclude that the final collapse in quasi-isotropic
specimens is due to delamination propagation and sub-laminate buckling. Other
experimental studies have evaluated size effects and ply sequencing effects showing
the layup can have a significant effect on the observed notch sensitivity and failure
modes [2, 4, 7]. Xu et al. [8] found similar damage patterns in OHC and center
notch specimens. Examining the center notch specimens with X-Ray computed
tomography (CT), they reported competition between matrix cracking and fiber
kinking, where plies without matrix cracks tended to kink earlier than plies with
matrix cracks, apparently a result of the matrix cracks blunting the notch tip stress
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concentration. Leopold et al. [9] reported that the 0◦ ply location through the lam-
inate thickness and to a lesser extent ply thickness, were correlated with different
fiber kinking characteristics and therefore different strengths. In cases with thin 0◦

plies near the mid-plane of the laminate (i.e., better supported by adjacent plies),
fiber kinking onset was delayed. Based on these experimental observations, it can
be concluded that it is necessary to predict the interaction of fiber kinking, matrix
cracking, and delamination accurately in order to have a general PDFA modeling
capability suitable for a range of OHC configurations.

Several researchers have made progress toward establishing PDFA models for
OHC. Iarve et al. [10] showed the importance of predicting matrix splitting cracks
accurately in order to account for the consequent reduction in axial strain concen-
tration next to the hole. Lee and Soutis [11] also examined splitting and found
that splitting is more prevalent in thick plies, and that extensive splitting cracks
make the OHC less notch sensitive by blunting the stress concentration. Another
experimentally observed aspect of the failure process, unstable fiber kinking onset
followed by stable propagation, was investigated in [5]. By systematically reducing
element stiffness to 1/10 the original values, it was demonstrated that the stress
redistribution that occurs after fiber kinking causes fiber kinking to initiate unsta-
bly to a minimum size after which stable growth can occur. Davidson et al. [12]
presented a variety of different modeling approaches with increasing fidelity and
compared the results to show where higher fidelity models are required. While the
experimental evidence points toward fiber kinking as the source of local delamina-
tion and out-of-plane deformations near the hole, some researchers have been able
to reproduce similar local deformations without considering the kinematics of fiber
kinking [13,14].

Despite these advances in modeling, OHC remains a challenging problem for
PDFA as has been illustrated in various analysis capability evaluations [15, 16]. In
the recent Air Force Research Lab Tech Scout program [15], the accuracy of OHC
predictions for strength was 14.2% pretest and improved to 6.4% after posttest
adjustments. In the world-wide failure exercise III [16], strength predictions from
several theories for OHC in quasi-isotropic laminates varied by almost a factor of
two.

Two explanations are offered for the deficiency in existing model performance.
First, more systematic comparison of the damage evolution observed in tests and
predicted by analysis is needed. It is clear from test observations that the OHC
failure process includes multiple interacting damage modes that evolve under load.
Therefore, a thorough documentation of the damage states from experimentally
detectable damage onset up to unstable collapse is needed. By quantitative com-
parison of predicted and measured damage states, more clarity can be obtained as
to where models are successful and deficient. Second, most models require strength
and toughness material properties for fiber compression (fiber kinking), for which
no consensus has been established on test methods for characterization.

The objective of this report is to document the findings of a recent OHC valida-
tion activity conducted as part of the NASA Advanced Composites Project (ACP).
One aspect of the ACP was to verify and validate PDFA methods for application
to selected structural components. As part of a larger verification and validation
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effort, this study on OHC benefits from a consistent and complete set of mate-
rial properties [17], numerous verification studies [18–20], and lessons learned from
PDFA for other structural configurations [21–26]. The PDFA method used in this
study is the continuum damage mechanics (CDM) code developed at NASA Lan-
gley Research Center, CompDam [27]. CompDam is a research code developed to
help improve understanding of material modeling requirements for CDM methods.
The code has multiple methods and several different optional features for modeling
damage. The most basic capability of the code uses the deformation gradient de-
composition method [28] to model matrix cracks and a trilinear constitutive law to
model fiber damage. The goal of this study is to establish the predictive capabilities
of the CompDam code in its baseline configuration, to identify technical gaps, and
to inform future development priorities. Therefore, ongoing development capabili-
ties such as inclined matrix cracks, shear nonlinearity, fiber nonlinearity, and fiber
kinking were not used in this study.

OHC tests were conducted on three laminates. Digital image correlation (DIC)
and X-Ray CT were used to quantify the damage states through the loading history.
Posttest PDFA models were constructed with the continuum damage mechanics code
CompDam, using the same practices as for the other modeling activities pursued in
the ACP. To the authors’ knowledge, this study is the first for the OHC configuration
to include detailed evaluation of damage mode interactions, quantitative comparison
of damage states, and sensitivity of the predicted results to difficult-to-measure fiber
direction material properties.

This report is organized as follows. The experimental procedure and results are
described in Section 2. The progressive damage analysis and finite element mod-
els are described in Section 3. The analysis results including structural response,
damage evolution, and comparison with experimental measurements are discussed
in Section 4. The sensitivity to selected numerical parameters and physical prop-
erties are reported in Section 5 and Section 6, respectively. Finally, the report is
summarized with concluding remarks in Section 7.

2 Experiments

A series of OHC tests were performed in order to generate a set of data for evaluating
the performance of different PDFA models. The test procedure and results are
summarized in this section. The tests were conducted by The Boeing Company and
the posttest X-Ray CT scans were conducted by NASA Langley.

2.1 Test procedure

The specimens were fabricated from 190 g/m2 IM7/8552 unidirectional plies using
hand layup and autoclave cure following the manufacturer’s recommendations. The
cured ply thickness was measured to be 0.183 mm on average. Pretest ultrasounds
verified all test specimens were free of gross manufacturing defects. Test specimens
were cut from three panels having the layups summarized in Table 1. The layups
are a 24-ply quasi-isotropic laminate, a relatively soft laminate of 20 plies, and a
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Figure 1: Schematics of specimen and OHC test fixture.

Table 1: OHC layups.

Designation Stacking sequence % plies 0/±45/90

Hard [(45/-45/02)3]s 50/50/0
Quasi [(45/0/-45/90)3]s 25/50/25
Soft [45/-45/0/45/-45/90/(45/-45)2]s 10/80/10

relatively hard laminate of 24 plies. Three different laminates were used since dam-
age progression is often very sensitive to the layup [29]. Therefore, while validating
a PDFA model against a single layup is a useful exercise, it is not sufficient to
generate confidence for engineering applications where a design space may include
several layups. The particular layups selected were intended to be representative
of the three classes of laminates and to encourage different damage evolution so as
to challenge the models. The laminates are referred to herein as Hard, Quasi, and
Soft.

The specimens were 304.8 mm long (L) by 38.1 mm wide (W ) with a 6.35 mm
diameter hole (dh) in accordance with the ASTM standard [30] Procedure A and
as shown in Figure 1a. The specimens were loaded using the standard OHC fixture
shown in Figure 1b (constrains out-of-plane displacements) under a quasi-static
loading with a prescribed displacement rate of 0.6 mm/min using a 245 kN load
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frame. A 25.4 mm extensometer was centered across the hole and aligned with the
loading axis to measure displacement during testing. Load and displacement data
were recorded at 10 Hz.

A 3-D digital image correlation (DIC) system was used on one side of the spec-
imen. The system used two 5 MP cameras set to view the specimen with a field of
view of about 50 mm x 50 mm centered about the hole. Images were captured at 1
Hz and processed using ARAMIS software.

Five replicates were tested for each layup. The tests were conducted under room
temperature ambient conditions. The first three test specimens for each layup were
loaded monotonically to catastrophic failure following the standard test procedure.
The average strength, σc,exp, was calculated from the first three tests. The fourth
and fifth test specimens were loaded to 75% and 90% of σc,exp, respectively, and then
unloaded for subsequent inspection via X-Ray CT. X-Ray CT scans were conducted
using a resolution of 8 µm per voxel. The scan volume was roughly centered on the
hole: 22 mm wide x 15 mm high x the laminate thickness.

2.2 Test results

Nominal stress vs. strain curves for all of the test specimens loaded to failure are
shown in Figure 2. The nominal stress σ is the load divided by the original cross
sectional area and the nominal strain ε is obtained from the axial extensometer.
The results show excellent repeatability among the test replicates for each laminate.
For each laminate, a dashed line shows the initial stiffness fit to the experimentally
measured response from 0 to 100 MPa. A slight decrease in stiffness from the
linear response is seen all cases, occurring well before peak load. The Hard and
Quasi laminates exhibit a nearly linear response up to a sudden failure. The Soft
specimens are also nearly linear initially up to an apparent damage onset load around
150 MPa, after which the specimens continue to sustain additional load, but with
a lower stiffness and several small load drops up to the peak load. The nominal
stress and strain pairs at which the 75% and 90% X-Ray CT scans were conducted
are shown on the plot as ‘x’ and ‘+’ symbols, respectively. The average stiffnesses
Eexp (calculated from 0 to 100 MPa), strengths σc,exp, and strains-to-failure εc,exp
are summarized in Table 2. The square and triangle markers, gray in color, mark
observations made from the DIC data and are discussed below.

The DIC system captured evidence of damage progression in all the tests. Se-
lected frames from a representative replicate loaded to failure for each of the three
layups are shown in Figure 3. The figure shows several frames of axial strain up

Table 2: Average measured stiffnesses, strengths, and strains-to-failure.

Stiffness Strength Strain-to-failure
Layup Eexp [GPa] σc,exp [MPa] εc,exp [%]

Hard 79.7 456.2 0.63
Quasi 51.4 334.0 0.71
Soft 33.9 280.5 1.12
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Figure 2: Nominal stress vs. strain from the OHC tests for the three layups. The
‘x’ and ‘+’ markers denote X-Ray CT scans and the open symbols denote points
where damage was observed via DIC.
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to the peak load and the final post-failure image from the Hard, Quasi, and Soft
laminates in (a)–(f), (g)–(l), and (m)–(r), respectively. Each image shows a local
region around the hole, as visible through the opening in the OHC test fixture. The
loading direction is horizontal in these images and throughout the report (see the
schematic in Figure 4c). The frame number is labeled f and the corresponding load
normalized to the replicate’s strength is labeled P for each image. The particular
frames included in the figure were selected to show that the same set of events occurs
in each layup, so the frame numbers and corresponding loads vary for each layup.
The first frame shown in the figure for each layup ((a), (g), and (m)) is the last frame
captured before damage is evident in the strain field. The contours are similar to
each other in pattern and magnitudes. The second frame ((b), (h), and (n)) is the
frame immediately following, which shows the first indication of damage in the strain
field. In all three layups, the strain field shows evidence of local bending on one side
of the hole, implying local delamination and sublaminate buckling. This pattern
matches the results reported in [1] obtained using holographic interferometry. In [1]
the damage pattern was attributed to fiber kinking in the 0◦ plies. The third and
fourth frames ((c)–(d), (i)–(j), and (o)–(p)) indicate that, for all layups, the damage
propagates on both sides of the hole before the peak load is reached. It is noted
that in the Quasi laminate result shown in (j) the outer ply cracked. The fifth frame
((e), (k), and (q)) shows the frame closest to the peak load. The images shown in
((f), (l), and (r)) are taken after the load drop. Thus, the sequence of frames shows
that an initial unstable damage event appears first on one side of the hole, then on
the opposite side, and that this damage then propagates stably as the load increases
until the specimen suddenly collapses. These observations are consistent with those
reported previously [1,5]. It is remarkable that such a similar sequence of events are
observed in the results for the three distinctly different layups. However, the results
show only the surface behavior, which may not be sensitive to differences in the
internal damage evolution. In the Hard and Quasi specimens, the shown sequence
of events occurs over a short duration and small load interval near the peak load,
as evident by the frame numbers and load levels of the different events. In contrast,
the Soft specimens show damage relatively early, starting at 77% of peak load and
the damage accumulates relatively slowly up to the peak load. These observations of
surface damage are consistent with the stress vs. strain curves in that the Hard and
Quasi laminates layups exhibit a relatively brittle response, whereas the response of
the Soft laminate is more ductile.

The points in the load history when local bending becomes evident in the axial
strain fields are shown as the open square symbols on the stress vs. strain results
in Figure 2 for all of the specimens loaded to failure. Results are shown for both
sides of the hole. The triangular gray symbols in Figure 2 indicate the loads where
damage is visible on the interior surface of the hole in the DIC images. An example
of such damage is noted by the white arrows in Figure 3b. By comparing the same
locations before (frame 61 in (a)) and after the event, it is clear a change occurred.
This hole surface damage is similar to that reported in [5, 6]. In the case shown,
the hole surface damage occurred at the same time as the change in axial strain
field, whereas in other cases the hole surface damage occurred before there was any
evidence of damage in the axial strain field. The nature of the damage events noticed
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on the interior surface of the holes could not be identified with the instrumentation
used during these tests.

The X-Ray CT scans revealed several interesting results in terms of the damage
states at the two points in the loading history where the scans were conducted.
Before summarizing the observations of damage due to loading, it is noted that
the scans show evidence of manufacturing-induced damage on the perimeter of the
hole (i.e., from drilling) in all test specimens. The damage was determined to be
from manufacturing, based on the shape and location of the damage. Examples of
manufacturing-induced damage and loading-induced damage are shown in Figure 4.
Two examples of cracks thought to result from drilling are marked with white arrows
in Figure 4a. In general, the manufacturing damage is small and located away from
the regions of maximum stress concentration, so it is assumed to be negligible for
the purpose of this study. Also in Figure 4a, typical X-Ray CT imaging artifacts,
seen as vertical bands slightly darker than the rest of the image, are marked with
red arrows. The specimens were intentionally oriented during imaging such that
most of the artifacts occur away from the main stress concentrations at the top and
bottom of the hole. These artifacts (as well as other well-known X-Ray CT artifacts
not shown here) occurred in all scans and are disregarded. In some scans, numerous
matrix cracks were observed on one of the surface plies but not the other. These
matrix cracks are considered breakout damage from drilling since it is unlikely that
the nominally uniform compressive loading induced surface cracks on only one of
the surface plies. Examples of loading-induced damage are shown in Figure 4b,
marked by arrows. Matrix cracking is identified by the blue arrows, and a kink
band is denoted by the white arrows. The damage mode is inferred by knowledge
of orientation of the ply, location relative to the loading (i.e. stress state), and
orientation of the damage. Though the images are all shown as planform (Figure 4c),
the location and modes of damage were confirmed in the two orthogonal planes not
shown. For each ply, the loading-induced damages were identified and the mode,
size, and location were recorded. Only loading-induced damage is considered in the
remainder of this report.

To facilitate compact visualization of the damage state through the full laminate
thickness, schematic illustrations of the damage were created for each scan. The pri-
mary damage modes identified were matrix cracks and kink bands; no delaminations
were identified. The results are shown in Figure 5. The left column shows data ob-
tained at 75% average strength and the right column shows data obtained at 90%
average strength. Each row corresponds to a different layup. For each scan, the
hole boundary is shown with a solid black line. The damage is colored by mode as
follows: red for 0◦ matrix cracks, blue for 0◦ fiber compression (kinking) damage,
and teal for −45◦ matrix cracks. Nearly all of the observed damage is in the 0◦

plies. In all scans except the Quasi laminate at the 75% level, matrix cracks are
observed in all of the 0◦ plies, the longest of which among all the 0◦ plies are shown
in the figure along the 0◦ direction. Hence, the figure shows the through-thickness
projection of the damage state. Though only the longest matrix splitting cracks are
shown, in most cases the split lengths were nearly the same in all of the 0◦ plies in
each scan. One exception is the Hard 90% scan where the four-ply-thick central 0◦

ply block has very long splitting cracks on the top-right and bottom-left. Very small
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Figure 4: Examples of (a) manufacturing induced and (b) loading induced damage
identified in X-Ray CT data.
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matrix cracks were noticed in one of the −45◦ plies adjacent to the long splitting
crack on the top right, as shown in teal in the figure. In the Soft 90% scan, fiber
kinking damage was observed growing from splitting cracks. With the exception
of the very small matrix cracks in the −45◦ direction in the Hard laminate 90%
scan, all of the damage occurred in the 0◦ plies, which is consistent with previously
reported observations [4].

Since the 75% scan and 90% scan were taken on separate specimens, the details
of the damage progression between the 75% scan and 90% scan are, at times, in-
compatible1. Thus, the experimental procedure used in this study allows for insight
into the damage progression in an average sense only. A more comprehensive study
wherein specimens are tested incrementally such that a time series of several X-Ray
CT scans is captured through each specimen’s load history would provide a concrete
basis for model validation (as was done in other parts of the ACP, e.g. [23, 25,31]).

Considering the DIC-detectable damage events on the hole surface and front
surface of the specimen in the Hard and Quasi laminates, it is apparent that most of
the damage occurs above the 90% peak load at which X-Ray CT data was obtained.
In contrast, for the Soft laminate, the DIC data show damage onset between the
75% and 90% load levels. Since fiber kinking was observed in the Soft 90% scan, it
can be inferred that the DIC-observed damage events are a result of fiber kinking
in the internal 0◦ plies.

3 Model description

A parametric PDFA model of the standard OHC specimen for use with Comp-
Dam was developed previously [22] using the Abaqus Python interface [32] and
is extended herein. The Python interface is used to generate the models with a
fiber-aligned ply-by-ply meshing strategy. The specimen dimensions, locally refined
region dimensions, layup, and several other characteristics of the model are defined
parametrically in the scipt for ease of use. The nominal model geometry, boundary
conditions, discretization, and material properties of the model used are described
in this section.

The model geometry and boundary conditions are shown in Figure 6a. The
model width and hole diameter are the nominal test specimen dimensions. The
model length is reduced since it is not necessary to model the full gripping region.
The local region near the hole, shown as the 20 mm wide gray band in Figure 6a,
is allowed to damage, whereas the remaining transition region (blue in Figure 6a)
and far-field regions of the specimen (white in Figure 6a) are modeled as linear
elastic. Uniaxial loading is applied via prescribed end shortening. Out-of-plane
displacements were set to zero in the transition and far-field regions to mimic the
OHC test fixture.

The model was meshed with a combination of solid continuum, continuum shell,
and cohesive elements. A planform view of a typical mesh is shown in Figure 6b

1Specifically, in the Hard laminate, some of the split lengths in the 2-ply-thick 0◦ ply blocks are
longer in the 75% scan than in the 90% scan. This is not visible in Figure 5 since the figure shows
the maximum extent of each damage mode.
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with accompanying detail views of the hole boundary in Figure 6c and the mesh
transition region in Figure 6d. The model was constructed to create a smooth tran-
sition between the coarse far-field and highly refined near-field in order to minimize
spurious stress concentrations at the boundary of the local region. The far-field
region is composed of one layer of continuum shell elements (SC8R) through the
thickness with the in-plane mesh size transitioned to the target local mesh size near
the transition region. The local and transition regions are discretized with one layer
of fiber-aligned reduced-integration continuum elements (C3D8R) for each ply. The
elements in Figure 6b–6d are colored by the section definition as follows. The beige
elements are in the far-field region and have a composite shell section definition with
linear elastic material response. The gray elements in the transition region have a
solid section definition with linear elastic material response. Tie constraints were
used to connect the transition region (1 element per ply thickness) to the far-field
region (1 element per laminate thickness). The blue elements in the local region
have both fiber and matrix damage enabled. The red elements allow fiber damage
but do not allow matrix cracking such that a minimum crack spacing is introduced.
The minimum crack spacing is kept constant through this work, with every 4th row
of elements being allowed to have a matrix crack (see [22]). The meshing and section
assignments were implemented such that matrix cracks could occur tangent to the
hole in all plies, as shown in Figure 6c for a 0° ply. In the local region, when two
adjacent plies have the same direction, they share nodes at the ply interfaces. For
dissimilar ply interfaces, the layers are connected using node-based tie constraints
to a layer of zero-thickness cohesive elements (COH3D8) to model delamination. In
Figure 6d, the elements in a triangular region of the 45◦ ply are hidden, revealing
the adjacent layer of cohesive elements, which are shown in green. The cohesive
layer meshes are always aligned with the loading direction and they have the same
planform size as the corresponding continuum elements. Wedge elements are used
near the free edges of the local region to preserve the fiber-aligned mesh and at
the same time have smooth boundaries. Since relatively few wedge elements are
used, and no verification of the damage modeling procedures used herein have been
completed so far for wedge elements, they are modeled as linear elastic, and hence
colored in gray. In-plane mesh sizes of 0.15, 0.2, and 0.25 mm were considered to
evaluate the element size sensitivity of the results. These element sizes were cho-
sen based on results from previous verification studies [18, 19] that suggest 0.2 mm
is about the maximum allowable element size. Except where noted otherwise, the
results shown are for the 0.2 mm mesh size.

CompDam is used as the material model for all of the continuum elements.
The plies are assumed to be transversely isotropic. Delamination in the cohesive
interface elements was modeled using the built-in Abaqus material model with a
bilinear traction separation law.

The nominal material properties are listed in Table 3. The material properties
are taken from reference [17], which has been used throughout the related ACP
activities. These material properties were obtained from published data [33] and
from tests sponsored by the ACP. Although the OHC analyses were conducted after
the testing with full view of the test results, the nominal material properties were
established prior to the OHC test and they remained unchanged throughout the
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Table 3: Nominal material properties [17].

Symbol Value Units

Elastic

E11 140653 MPa
E22 8703 MPa
G12 5164 MPa
ν12 0.32 -
ν23 0.45 -
α11 −5.5 × 10−6 /◦C
α22 2.58 × 10−5 /◦C

Matrix damage

YT 80.1 MPa
YC 288.2 MPa
SL 97.6 MPa
GIc 0.24 kJ/m2

GIIc 0.739 kJ/m2

ηBK 2.07 -

Fiber damage

XC 1731 MPa
GFC 61 kJ/m2

m 0.5 -
n 0.2 -

project2.
Matrix cracking is modeled using the deformation gradient decomposition (DGD)

technique [28]. The matrix crack surface is defined by a normal having an angle α
with respect to the transverse direction of the ply. Herein, α = 0 was set as an ini-
tial condition because of occasional convergence difficulties in the DGD algorithm.
Limited spot checks showed that the structural response and damage were similar
with and without the α = 0 restriction.

CompDam has multiple models available for fiber compression. In this work, the
conventional CDM model is used with a trilinear stress-strain law. The softening
law is defined by the strength XC , toughness GFC , and two parameters m,n that
specify the knee in the curve. When m = n = 0.5 the shape of the softening
portion of the law is linear. For the case herein where n = 0.2, the softening
portion is concave. The fiber-direction stress-strain law is plotted assuming the
element size is 0.2 mm in Figure 7. The solid black line represents the nominal
stress-strain law for fiber compression used in the analyses. Since the values of
m,n used in the present analyses (Table 3) were established prior to the availability
of material property characterization data, the selected values are discussed in the
context of relevant characterization data (gray lines in Figure 7) in the remainder
of this paragraph. The two gray lines are derived from R-curves measured using
the size-effect law approach proposed by Catalanotti et al. [34] wherein a series of
double-edge-notched-compression (DENC) specimens are tested and the R-curve is

2The coefficients of thermal expansion, α11 and α22, were only used in analyses that were
evaluated to examine the effect of a thermal cool down step for consideration of the role of thermal
residual stresses, as described in Section 6.1.
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Figure 7: The nominal fiber direction stress-strain law assumed in the model and
stress-strain laws obtained from R-curves measured for IM7-8552 using the size effect
law.

back-calculated from the measured size effect. The gray trilinear stress-strain laws
are obtained from the R-curves using the procedure described in [35]. The dotted
line is based on the R-curve from [34] for a specification of IM7/8552 similar to the
one used herein and corresponds to m = 0.35 and n = 0.5. The dashed line is based
on the R-curve measured using DENC specimens fabricated from the same materials
and using the same processing as for the present OHC specimens, reported in [36],
and corresponds to m = 0.34 and n = 0.21. It can be observed that the three stress-
strain laws are similar. Hence, errors resulting from the assumed trilinear law (black)
compared with the measured trilinear laws (gray) are assumed to be small3. The
four properties that define the fiber compression direction softening law (XC , GFC ,
m, and n) are all challenging to measure and the results are expected to be sensitive
to the values used since they control fiber damage onset and propagation. Thus, the
sensitivities of the predictions to these properties are investigated in Sections 6.2
and 6.3.

Quasi-static loading was modeled using Abaqus/Explicit. The prescribed dis-
placement was applied with a smooth step amplitude through a 0.2 second dynamic
step. Mass scaling was introduced with the automatic mass scaling option such that
typical analyses used 1.5 million increments to reach peak load and the element mass
in the local region was scaled by about 103 for the 0.2 mm element size. Detailed
investigation showed that this was sufficient to almost completely suppress dynamic
effects until after the peak load is reached (see Section 5).

4 Results using the nominal parameters

The predictions from the model as described above (referred to as the nominal
configuration) are reported and discussed in this section. First, the overall specimen

3This assumption was verified for the Soft laminate, 0.2 mm element size.
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response is presented. Then, the evolution of damage is described. Comparisons are
made with the experimental results where possible.

4.1 Stress vs. strain response

The measured and predicted specimen stress versus strain responses are shown in
Figure 8. The test results are shown as solid lines (repeated from Figure 2) and
the analysis results are shown as dashed lines. Analysis results for three mesh sizes
are shown in the figure and labeled as such (0.15, 0.2, and 0.25) with the results
obtained using the smallest element size having the darkest lines with the shortest
dashes. The results from analyses are plotted up to the point where the analyses
terminated, which is after the peak load is reached and the load decreases. The
analyses terminated due to numerical errors from excessive distortion of damaged
elements. Element deletion would provide a means to continue the analyses further,
but rapid increase of kinetic energy after peak load combined with the use of mass
scaling diminish the physical relevance of the post-peak results. The initial stiffness,
strength, and strain-to-failure are listed for each laminate along with percent errors
in Table 4. The percent errors are calculated using the experimentally measured
values reported in Table 2 as the reference values. Good overall agreement is noted
for all cases in terms of initial stiffness. The Hard laminate stiffness is under-
predicted by about 8%, whereas the stiffness for the other laminates agree within
2%. One reason for this difference could be that the E11 value used is slightly low,
and that the zero-dominated Hard layup is most sensitive to this property. The Soft
laminate tests show a slightly nonlinear response from about 0.55% strain to the
first load drop around 0.75% strain, which was not captured by the analysis. Since
the Soft laminate is mostly 45◦ plies, the slight nonlinearity in the response could
be due to shear nonlinearity characteristic in ±45◦ laminates (see, e.g., [37]).

The predicted strengths and corresponding strain-to-failure are in relatively good
agreement for the Hard and Quasi laminates, especially for the 0.15 mm mesh size
for which the errors are less than 5%. In contrast, the predicted failure for the Soft
laminate occurs near the first load drop in the test data. The Soft laminate test
data shows a series of small load drops and a reduced effective stiffness up to the
peak load, which occurs at around 1.15% strain. The predicted failure for the Soft
laminate occurs early at around 0.77% strain, so the strain-to-failure is in relatively
poor agreement with the experimental values, with about 30% error.
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Figure 8: Comparison of test (solid lines) and analysis (broken lines) nominal stress
vs. strain response. The ‘x’ and ‘+’ markers denote X-Ray CT scans.

Table 4: Predicted stiffnesses, strengths, and strain-to-failures with percent errors
calculated using the corresponding experimental averages.

Mesh Stiffness Strength Strain-to-
size Epda σc,pda failure

Layup (mm) [GPa] % error [MPa] % error εc,pda [%] % error

Hard
0.25 73.62 -7.65 407.3 -10.7 0.561 -10.3
0.20 73.61 -7.66 429.7 -5.8 0.594 -5.1
0.15 73.60 -7.68 469.2 2.8 0.654 4.5

Quasi
0.25 50.53 -1.72 321.4 -3.8 0.654 -7.7
0.20 50.52 -1.72 320.8 -3.9 0.644 -9.0
0.15 50.51 -1.74 340.2 1.8 0.686 -3.1

Soft
0.25 33.34 -1.60 257.6 -8.2 0.789 -29.8
0.20 33.34 -1.60 251.8 -10.3 0.774 -31.1
0.15 33.33 -1.62 247.2 -11.9 0.751 -33.1
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4.2 Damage evolution

The predicted nominal stress vs. strain responses are a direct consequence of the
predicted damage evolution and resulting stress redistributions in the plies. There-
fore, to gather more insight into the predicted response, the damage evolution is
examined in detail in this section. In general, OHC specimens are expected to col-
lapse due to one of two failure mechanisms: delamination leading to sublaminate
buckling or fiber compression damage. While both mechanisms may occur, the re-
sults are evaluated to determine which mechanism is responsible for the loss in load
carrying capability. The sequence of damage events as predicted by the analysis is
presented and discussed for each layup. A series of damage states were extracted
from the analysis results for each of the three layups to illustrate the predicted
damage evolution leading to structural collapse. The results are presented in the
same format for each layup with the 0.2 mm mesh. The results are interrogated to
determine the failure mechanism. This discussion focuses exclusively on the results
from the analysis, since the test observations were insufficient to characterize the
damage evolution during the rapid succession of events near the peak load.

4.2.1 Damage evolution in the Hard laminate

The damage states for the Hard layup are shown in Figure 9. In this figure (and
Figure 14 and Figure 17 for Quasi and Soft, respectively), a grid is used to display the
4-D data (3-D and time/load). Each column corresponds to a specific nominal stress
level, labeled along the top as a percentage of the predicted strength (σpda/σc,pda).
After the peak load is reached, the post-peak loads are denoted with PP. Each row
corresponds to a subset of the plies and ply interfaces, labeled along the left of the
figure where the numeric orientation indicates the ply and the ‘/’ indicates the ply
interface. The damage is colored to distinguish the ply or ply interface in which the
damage occurs with the colors used shown next to the labels on the left of the figure.
Since the damage was relatively symmetric, half of the laminate is described. The
ply group at the outer surface is shown in the first row and the ply group at the mid-
plane is shown in the last row. By showing only a few plies in each image (i.e. a “ply
group”), the damage at each ply and ply interface can be distinguished. The region
shown is selected such that the damage in the post-peak state fits within the region
(i.e., the damage is not truncated). In each image, the damage state shows matrix
cracks and compressive fiber damage in the plies and delamination at ply interfaces.
In the cases where the 0◦ plies have matrix cracks and fiber damage, the damage
modes are distinguished with a checkerboard pattern4. The damage state is obtained
by showing only elements with matrix damage variables d2 ≥ 0.9999 (equivalent to
99.6% fracture toughness dissipated) or fiber damage variables d1c ≥ 0.9 (equivalent
to 21.8% fracture toughness dissipated, or equivalently 8.7% strain in Figure 7) in
their undeformed state. The threshold for fiber damage is a low value to facilitate
visualization since d1c never reaches a large value where nearly all of the energy has
been dissipated (e.g., as used for matrix cracks and delaminations). The particular

4On the pdf version zoom in to see the checkerboard; it may appear black when zoomed out or
printed.
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load levels were selected as follows: the first three load levels are the closest output
frame to 75%, 90%, and 97% of the predicted peak load; the fourth load level is at
the peak load; and the fifth and sixth load levels are after the peak load showing
the damage progression associated with the unloading.

The pre-peak damage states in the results for the Hard layup shown in Figure 9
include mostly matrix cracks with very little delamination. Most matrix cracks
initiate and propagate tangent to the hole in the 0◦ and 45◦ plies. Generally, the
cracks extend longer in the two-ply-thick and four-ply-thick ply blocks as well as the
surface plies as compared with the single plies, which is expected based on the in-situ
effect (see, e.g., [38]). In addition to the cracks tangent to the hole, matrix cracks
occur in the center (width-wise, β = 0◦ and 180◦) of the specimens in some plies due
to the local tensile stress concentration at this location. As the laminate’s strength
is reached, fiber damage grows rapidly in the 0◦ plies and large delaminations occur
at the 45/0 interfaces. The results shown are for the 0.2 mm mesh size. The damage
sequence for the Hard layup predicted using the 0.15 mm mesh was similar. The
results using the 0.25 mm mesh differed substantially in that no long splitting cracks
in the central four-ply-thick 0◦ were predicted, which is thought to be a result of
mesh size sensitivity in long-crack propagation that is known to become significant
around 0.25 mm mesh size for this material system [18].

It is unclear from the results presented in Figure 9 if the predicted collapse occurs
due to fiber damage, delamination (i.e. sub-laminate buckling), or a combination of
the two mechanisms. Compressive fiber damage and delamination area are overlaid
on the stress-strain curve in Figure 10 to help clarify the predicted failure mecha-
nism. In the figure, the stress-strain curve is the thick black line plotted using the
left ordinate. Data are provided for normalized stress levels ranging from 0.99 to
1.0. The maximum fiber damage variable (d1c) value in each 0◦ ply block is plotted
as solid colored lines using the right-most ordinate. Results for the four-ply-thick
ply block are shown in red and results for the two-ply-thick ply blocks are shown
in blue, with the results from the outermost ply blocks shown in light blue. The
results from the two-ply-thick 0◦ plies symmetric about the laminate mid-plane are
nearly identical. The dashed lines are the cumulative delaminated area for each ply
interface. The delaminated area is approximated by the number of elements with
d2 ≥ 0.9999 times the nominal element edge length squared. Since some elements
near the hole have a smaller than nominal area, this approximation slightly overes-
timates the delamination area. Nonetheless, the trends in delamination area growth
are captured. Only half of the ply interfaces are shown for clarity, since, like the fiber
damage results, the delaminated area was relatively symmetric about the mid-plane
of the specimen. The delaminated area curves cluster into groups at strains above
about 0.62%. The curves are colored by group to highlight this pattern where the
gray lines are +45/-45 interfaces, the blue lines are ±45/02 interfaces and the red
line is the −45/04 interface. Dotted vertical gray lines are overlaid at two key strain
levels: 0.5970% where a change in stiffness occurs just before peak load and 0.5985%
where the stress starts decreasing rapidly just after peak load. The data in the plot
were extracted from field outputs, with a higher frequency of output starting just
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Figure 9: Analysis predicted damage states at several load levels for the Hard layup.
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Figure 10: Normalized stress (solid black line), fiber damage (solid colored lines),
and delaminated area (dashed lines) vs. nominal strain for the Hard laminate.

before 0.597% strain5.
The results show fiber damage (d1c) increasing above about 0.9 between about

0.597% and 0.5985% strain coincides with the peak of the stress-strain response.
During the same range of strains, the delaminated area is constant. Therefore, it is
evident that the model predicts that the final failure sequence initiates as a result of
fiber damage. The fiber damage increases fastest in the four-ply-block, suggesting
that this is the most critical 0◦ ply block. At 0.5985% strain, the delaminated
area starts increasing rapidly, and shortly after the fiber damage plateaus, reaching
a maximum value of 0.997 (equivalent to 72% fracture toughness dissipated, or
equivalently 47% strain in Figure 7). The increase in delaminated area coincides
with the load drop. In addition, when the delamination area grows, there is an
abrupt increase in out-of-plane deformation in the surface plies in the same region as
the delamination. Considering these results together, the predicted failure sequence
is: 1) triggered by fiber damage, which results in 2) delamination at the interfaces
adjacent to the 0◦ ply blocks, and then 3) sub-laminate buckling. It is noted that

5The frequency of the outputs changes at around 0.597% strain, as shown by the markers (x)
on the red curve (d1c for the four-ply-thick 0◦ ply block). Markers are shown only on one curve for
clarity, though the data are extracted at the same analysis time points for all the curves. Attention
is brought to this detail since, if more output frames were requested, a smooth change in slope of
the d1c curves would be seen at around 0.597% strain.
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Figure 11: Deformed cross section of the Hard laminate at 97% post-peak load level
predicted by the 0.2 mm mesh model. The arrows point to localized fiber damage.

with one C3D8R element through the thickness of each ply, the bending stiffness of
the delaminated plies is inaccurate. Therefore, the sub-laminate buckling response
should be examined further.

A cross section view showing the deformed state of the plies at the 97% post-peak
load level is shown in Figure 11. The elements where fiber damage has localized are
marked with an arrow. In the two-ply blocks, the fiber damaged elements shear out-
of-plane and open delaminations develop adjacent to the fiber damage. The central
four-ply-block appears to crush without any significant out-of-plane deformations.

In the central four-ply-thick 0◦ ply block, matrix splitting cracks initiate below
75% peak load and propagate several millimeters by peak load. The behavior of
these splitting cracks is investigated in more detail since they contribute to the final
failure sequence by blunting the compressive stress concentration that eventually
triggers failure as described above. The lengths of these cracks as a function of the
nominal strain are plotted in Figure 12. The four splitting cracks are labeled in
the schematic in Figure 12a and shown in pairs. The lengths of splits B and C are
shown in Figure 12b and the lengths of splits A and D are shown in Figure 12c.
Observations from the X-Ray CT data show that the cracks B and C grew to
longer lengths than the cracks A and D (see Hard laminate, 90% in Figure 5). It is
noted that the same trend was observed experimentally for the same layup in [2].
Measurements of the split length are shown in the figure as open circles for the
75% scan (0.46% strain) and the 90% scan (0.56% strain). The analysis results are
shown as green, orange, and blue lines for the 0.15, 0.2, and 0.25 mm mesh sizes,
respectively. The analysis results are shown for one of the two splits in each pair
(i.e. B is shown in Figure 12b and A is shown in Figure 12c) since the corresponding
split in the pair had virtually identical behavior. Considering the analysis results
from the 0.2 mm mesh, the experimental trend of anti-symmetric split lengths is
reproduced by the analysis. Between 0.5% and 0.55% strain, splits B and C grow
rapidly to about 3.5 mm. At higher strains, the splits continue to grow to greater
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Figure 12: Lengths of splitting cracks in the central ply block of the Hard layup.

than 4 mm, but at a slower rate, until the peak load is reached. In contrast, the splits
A and D grow steadily to about 3.2 mm when peak load is reached. The analysis
results for the 0.15 mm mesh show the same behavior, with one difference being
that the splitting cracks at B and C are about one millimeter longer at peak load.
The results for the 0.25 mm mesh show a different response. The splitting cracks
remain between 1 and 2 mm at all four locations until the peak load is reached. It
is concluded that the 0.25 mm mesh size is too coarse to properly represent these
matrix splitting cracks. In [18], the 0.25 mm mesh size was found to be acceptable
based on the studies conducted for matrix crack propagation using a similar set of
material properties. The more limiting mesh size requirement identified here could
be a result of matrix crack and delamination interaction, which was not considered
in [18]. Quantitatively, the analysis results largely undershoot the 8 mm split lengths
measured in the 90% scan at locations B and C. This difference might be due to
ignoring residual thermal stresses in the analysis, as discussed in Section 6.1.

The anti-symmetry in the matrix splitting crack lengths shown in the test data
in Figure 12 and Figure 5 is a result of the neighboring ply orientation. The model
explains the mechanism qualitatively as shown in Figure 13 for the 0.15 mm mesh.
The first row of images, Figure 13a–13c, are extracted just after the point of damage
onset in the region highlighted in gray in the schematic at the bottom left of the
figure. The second row of images, Figure 13d–13f, are extracted after significant
propagation has occurred, just before peak load. In Figure 13a, the matrix cracks
are shown via the matrix damage variable, d2, contour plot for the central 0◦ ply
block. The splitting cracks noted previously are observed and annotated A–D. At
this point in the loading history, the lengths of the splitting cracks are approximately
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(a) Central 0◦, d2. (b) Adjacent −45◦, d2. (c) Adjacent −45◦, FIm.

(d) Central 0◦, d2. (e) Adjacent −45◦, d2. (f) Adjacent −45◦, FIm.
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Figure 13: Interaction between matrix splitting cracks in the central 0◦ ply and
adjacent −45◦ plies. (a)–(c) show the state just after the initiation of the splitting
cracks and (d)–(f) show the state after significant propagation has occurred (before
peak load).
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equal. The matrix damage variable contour plot is shown for an adjacent −45◦ ply
in Figure 13b wherein minute matrix cracks are noticed at locations B and C and
annotated with white arrows. No matrix cracks have occurred at locations A and D.
The matrix crack failure index is shown in Figure 13c to highlight the difference in
the stress state at locations B and C vs. A and D. At locations A and D the failure
index is about 0.5, with damage onset occurring when the failure index reaches
1.0. Thus the local stress state at locations A and D in the neighboring −45◦ plies
does not promote matrix cracking. The corresponding results for a later frame in
the analysis are shown in Figure 13d–13f highlighting that while numerous cracks
develop in the adjacent −45◦ ply along the splitting cracks B and C, no matrix
cracks occur near locations A and D due to the local stress state resulting from
the combination of the ply orientation and the sign of the shear stress. Since the
adjacent −45◦ plies do not crack at locations A and D, these −45◦ plies share the
shear stress with the 0◦ ply, therefore reducing the driving force for splitting crack
growth. In contrast, at locations B and C, the shear stress is along the adjacent ply
direction. As a result, the −45◦ plies crack causing more of the shear stress to be
carried by the 0◦ ply thereby increasing the driving force to grow the splitting cracks.
In summary, interaction between matrix cracking in the two plies explains the anti-
symmetric split lengths in the central 0◦ ply block. Referring back to Figure 5 for
the Hard layup at 90% peak load, a pattern of several short matrix cracks in the
−45◦ ply adjacent to the central 0◦ was identified in the test results (shown with
teal lines in the figure). This damage pattern resembles the damage predicted in
Figure 13e. The correlation between the observed and predicted damage patterns
supports the validity of the model in terms of its ability to capture the interaction
between matrix cracking in these two plies.

In Figure 13, additional matrix cracks are shown that warrant some discussion.
The black arrows point to matrix cracks that are predicted to occur due to local ten-
sion from Poisson’s effect. These cracks are discussed in more detail in Section 4.3.

4.2.2 Damage evolution in the Quasi laminate

The damage states predicted for the Quasi layup are shown in Figure 14, using
the same format described above for Figure 9. The pre-peak damage states include
short matrix cracks with very little delamination. Most matrix cracks initiate and
propagate tangent from the hole in the 0◦ and 45◦ plies. At the peak load, some
fiber damage is noticed in the inner 0◦ plies. Small delaminations are seen at the
corresponding 45/0 interfaces. After the laminate’s strength is reached, fiber damage
grows rapidly in the 0◦ plies and large delaminations occur at several interfaces, with
the largest delaminations being in the 45/0 interfaces. The delamination regions are
bounded and connected by matrix cracks. The results shown are for the 0.2 mm
mesh size. The damage sequence for the Quasi layup predicted using the 0.15 mm
and 0.25 mesh was similar to that of the 0.2 mm mesh. In general, the smaller mesh
sizes produced longer matrix cracks and larger delaminations at the same load level.

The details of the failure sequence near the peak load are shown in Figure 15,
following the same pattern as Figure 10. The stress-strain curve is the thick black
line plotted using the left ordinate, showing just 1% of the response at the strength.
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The history of the maximum fiber damage variable (d1c) value in each 0◦ ply block
in half the laminate is plotted in the colored lines using the right-most ordinate.
From the 0◦ ply nearest to the outer surface to the 0◦ ply nearest to the specimen
midplane, the results are shown with solid orange, blue, and green lines, respectively.
The dashed lines are the cumulative delaminated area for each ply interface. Only
half of the ply interfaces are shown for clarity, since, like the fiber damage results,
the delaminated area was relatively symmetric about the mid-thickness plane of the
specimen. The delaminated area curves are colored corresponding to the adjacent 0◦

ply if next to 0◦; otherwise they are shown in gray. The results show an increase in
both fiber damage and delaminated area starting at 0.65% strain, which coincides
with nonlinearity in the stress-strain curve. At slightly higher strain, when the
strength is exceeded, both fiber damage and delaminated area increase rapidly.
Therefore, both mechanisms acting together appear to be responsible for the loss of
load carrying capability. At the strain levels around the peak load, the 0◦ ply with
the most damage (the innermost 0◦, orange), has the largest delaminations at the
adjacent interfaces. Likewise, the 0◦ ply with the least damage (the outermost 0◦,
green), has the smallest delaminations at the adjacent interfaces. After the peak
load, at around 0.657% strain, this trend ends and the largest delaminated area is
in the 0/-45 interface. As was observed for the Hard laminate, the fiber damage
plateaus, reaching a maximum value of 0.997 (equivalent to 72% fracture toughness
dissipated). Although the delaminated area and fiber damage begin to rapidly
increase at the same time, it can be inferred that the primary collapse mechanism is
fiber damage since the delaminated area at the peak load and shortly after is very
small (< 2 mm2), and therefore sub-laminate buckling does not occur until after the
load has decreased substantially.

A cross section view showing the deformed state of the plies at the 97% post-peak
load level is shown in Figure 16. The elements where fiber damage has localized
are indicated with an arrow for each 0◦ ply. It is noted that the fiber damaged
elements shear out-of-plane and large open delaminations develop adjacent to the
fiber damage.
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Figure 14: Analysis predicted damage states at several load levels for the Quasi
layup. The load of each image is shown across the top as σpda/σc,pda (PP indicates
post-peak), and the ply group is labeled along the left.
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Figure 15: Normalized stress (solid black line), fiber damage (solid colored lines),
and delaminated area (dashed lines) vs. nominal strain from the Quasi 0.2 mm
mesh size model in the vicinity of the predicted peak load.
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Figure 16: Deformed cross section of the Quasi laminate at the 97% post-peak load
level predicted by the 0.2 mm mesh model. The arrows point to localized fiber
damage.

4.2.3 Damage evolution in the Soft laminate

The damage states predicted for the Soft layup are shown in Figure 17, using the
same format described previously. In contrast to the results for the Hard and Quasi
laminates, the predicted pre-peak damage state for the Soft laminate is relatively
large, extending about 2.5 mm from the hole, and multi-modal. The pre-peak
damage states include matrix cracks tangent to the hole, small delaminations at
several interfaces bounded by matrix cracking planes, and fiber damage in the 0◦

plies. At the peak load, the damage state resembles the same pattern seen at 97%
load, with the matrix cracks, fiber damage, and delaminations all propagated by a
small amount. Interestingly, after the strength is reached, the fiber damage zone
in the 0◦ plies remains about the same length as it was at the pre-peak 97% load
level. This is in contrast to the damage evolution predicted in the Hard and Quasi
layups, where the fiber damage grows significantly after the peak load is reached.
Large delaminations develop at the first three ply interfaces, two of which neighbor
the 0◦ plies. The plies interior to the 0◦ ply exhibit primarily matrix cracking with
some relatively small delaminations. The results shown in Figure 17 suggest that
sub-laminate buckling is more important to the overall load carrying capability of
the Soft layup than fiber damage.

The results shown are for the 0.2 mm mesh size. The damage sequences for the
Soft layup predicted using the 0.15 and 0.25 mm meshes were similar with slightly
less delaminated area predicted in both cases.

As was presented for the other layups, the details of the failure sequence near
the peak load are shown in Figure 18. The stress-strain curve is the thick black line
plotted using the left ordinate, where the final 10% of the response is shown, which
is a significantly broader range than was shown in Figure 10 and Figure 15. In
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the Soft laminate, the failure sequence occurs over a much larger range of load and
strain than in the other two laminates. The maximum fiber damage variable (d1c)
value in the 0◦ ply is the solid blue line, plotted using the right-most ordinate. The
dashed lines are the cumulative delaminated area for each ply interface. Only half
of the ply interfaces are shown for clarity, since the delaminated area was relatively
symmetric about the mid-thickness plane of the specimen. Two delaminated area
curves are colored blue to indicate these are the interfaces adjacent to the 0◦ ply,
with the lighter blue curve corresponding to the inner interface. The outermost
interface result is colored in orange and the remaining interfaces are shown in gray.
The results show an increase in both fiber damage and delaminated area at 0.73%
strain, which coincides with a load drop in the stress-strain curve. At this point the
fiber damage extends to roughly the configuration shown at the 97% load level in
Figure 17, with the maximum value being about 0.99. As the strain is increased,
the load also increases beyond the previous peak. Apparently, enough load transfer
occurs to the ±45◦ plies to sustain further loading despite the damaged 0◦ plies. As
the load increases between 0.74% and the peak at 0.78% strain, there is some decay-
ing oscillation in the stress-strain curve, which is a result of dynamic vibrations from
the damage event at 0.73% strain. The default damping in the quasi-static explicit
dynamic analysis is responsible for the decay in the vibrations. When the strength
is reached, large delaminations develop at three ply interfaces. Two of three inter-
faces are those neighboring the 0◦ ply. The third interface is the only other interface
external to the 0◦ ply. At the same time, the fiber damage increases by only a small
amount, about 0.005, which corresponds with a few percent increase in dissipated
energy. Therefore, the strength is reached when the laminate experiences sublami-
nate buckling of the outer ±45/0 ply group. Considering these results together, the
predicted failure sequence is: 1) first fiber damage in the 0◦ ply that causes a small
load drop, but is arrested by load transfer to the ±45◦ plies, 2) delamination at the
interfaces adjacent to the 0◦ plies grows, and then 3) sub-laminate buckling occurs.
The same caution given regarding sublaminate buckling in the Hard laminate is
repeated: it is noted that with one C3D8R element through the thickness of each
ply, the bending stiffness of the delaminated plies is inaccurate and therefore the
sub-laminate buckling response should be examined further.

The analysis predicts a load drop prior to reaching the peak load, which is
qualitatively in agreement with the test measurements since they show small load
drops at around 90% of the peak load. However, in the test results, after the initial
load drop, a loss of stiffness occurs and significantly more compressive strain is
needed to reach the peak load. In the analysis result, the stiffness is retained after
the load drop and only a small increment in strain (0.04% strain) is need to fail the
coupon.

A cross section view showing the deformed state of the plies at the 99.5% post-
peak load level is shown in Figure 19. The elements where fiber damage has localized
in the 0◦ plies are indicated with arrows. As in the other layups, it is noted that the
fiber damaged elements have sheared out-of-plane and that large open delaminations
developed adjacent to the fiber damage. The same view of the model at the 96.8%
post-peak load level (not shown) has similar deformations with greater amplitude.
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Figure 18: Normalized stress (solid black line), fiber damage (solid blue line), and
delaminated area (dashed lines) vs. nominal strain from the Soft 0.2 mm mesh size
model in the vicinity of the predicted peak load.
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Figure 19: Deformed cross section of the Soft laminate at the 99.5% post-peak load
level predicted by the 0.2 mm mesh model. The arrows point to localized fiber
damage.
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4.3 Comparison of measured and predicted damage states at 75%
and 90% load levels

A direct comparison between the measured and predicted damage states is shown
in Figure 20. The comparison is constructed by overlaying the analysis results on
the observations from X-Ray CT that were shown previously in Figure 5. Analysis
results from the models with the 0.2 mm mesh size were extracted at the output
frame closest to the 75% and 90% load levels used for the tests. In the case of the
Soft layup, the analysis peak load occurs at 89.2% of the test average, so the frame
at peak load is used in the comparison. In the other cases, the analysis results
are extracted within 0.5% of the target load level. The analysis results show the
projection of matrix cracking and fiber compression damage as the superposition of
the maximum extent of damage in each ply. The analysis results are shown by the
translucent regions, having a width equal to element size. The damage is colored
by mode as follows: green for +45◦ matrix cracks, red for 0◦ matrix cracks, teal
for −45◦ matrix cracks, and blue for 0◦ fiber compression damage. The predicted
delaminations (see Figures 9, 14 and 17) are not shown for two reasons: 1) no
delamination was found in the X-Ray CT data and 2) to reduce clutter in the figure.
Overall, the predicted damage states in the 0◦ plies are in reasonable agreement with
the test measurements. However, the agreement in the ±45◦ is generally not very
good. Matrix cracks tangent to the hole are predicted in the ±45◦ plies, however,
no corresponding cracks were found in the test observations. The correlation of the
predicted and measured damage states is discussed for each layup in the following
paragraphs.

Considering the Hard laminate, the analysis over-predicts splitting crack lengths
in the 0◦ plies at 75% but then under-predicts the length of two of these cracks at
90% load. Short matrix cracks (< 1 mm) in the −45◦ plies adjacent to the central
0◦ ply block are seen in both the test and analysis results. The overlay shown here
highlights that although the pattern is similar, the model does not have sufficient
resolution to reproduce the observed crack spacing. The −45◦ matrix cracks occur
very close to each other in the test. The analysis also disagrees with the test results
in that matrix cracking is predicted to the left and right of the holes, due to local
tension from Poisson’s effect. No damage was found in these regions in the test
observations. Overall, the damage comparison shows partial agreement at both the
75% and 90% load levels. The differences are likely due to both insufficient ability
to resolve closed cracks in the test measurements and shortcomings of the model.

In the Quasi laminate, the analysis results show some short (about 1 mm) matrix
cracks at the 75% load level. No damage was visible in the X-Ray CT results after
the specimen was subjected to this load level. The short lengths of the predicted
cracks are on the order of the minimum detectable crack size in the X-Ray scans.
At the 90% load level, both test and analysis results show splitting cracks in the
0◦ plies, with the analysis slightly over-predicting the crack lengths. For the Quasi
laminate, there is partial agreement between test and analysis results for both load
levels. The 75% load level is considered to be in partial agreement since the predicted
crack lengths are very short.

The results for the Soft laminate show relatively good agreement for the 0◦

36



H
ar

d
Q

u
as

i
S
of

t
75% 90%

2 mm

No
experimental

damage

Fiber damage, 0° ply

Matrix crack, 0° ply

Matrix crack, -45° ply

Test Analysis

Matrix crack, 45° ply

Fiber damage, 0° ply

Matrix crack, 0° ply

Matrix crack, -45° ply

Figure 20: Comparison of measured and predicted damage states. The damage is
colored by mode as follows: green for +45◦ matrix cracks, red for 0◦ matrix cracks,
teal for −45◦ matrix cracks, and blue for 0◦ fiber compression damage.

37



plies in terms of the length of both matrix cracking and fiber compression damage.
Although the fiber damage threshold (d1c ≥ 0.9) was selected arbitrarily, the length
of the fiber damage zone predicted by the analysis is in good agreement with the
test results. The model cannot predict the abrupt onset of fiber damage observed
via DIC; instead, a relatively gradual fiber damage process is predicted. The fiber
damage observed in the test occurs at the end of splitting cracks and propagates at
roughly 60◦ from the loading direction. The analysis predicts that fiber compression
damage initiates and propagates from the stress concentration next to the hole,
such that the location is not in good agreement between test and analysis. Since
the model calculates fiber damage onset using only the longitudinal strain, it is
unable to predict fiber damage that occurs at the end of splitting cracks. The main
discrepancy in the predictions for the Soft laminate as compared with the X-Ray
observations is that the analysis predicts extensive matrix cracking in the ±45◦ plies
while no cracks were observed in these plies in the test data.

4.4 Summary of test and analysis comparison

A high-level summary of the comparison between test and analysis results is pro-
vided in Table 5. For the initial stiffness, strength, and strain-to-failure, the analysis
result is quantified in terms of percent error from the average test result. The agree-
ment between the test and analysis at the 75% and 90% load levels are qualified
as poor, partial, or good. Results are tabulated for all three mesh sizes. The sum-
mary emphasizes that the agreement in terms of the stress vs. strain response is
generally very good. For the Quasi and Hard layups the errors in stiffness, strength,
and strain-to-failure are all below 5% for the 0.15 mm mesh size. For these layups,
the agreement between test and analysis improves as the mesh size reduces, which
gives confidence in the modeling approach. The aforementioned differences in the
predicted and observed damage evolution in the Soft layup is reflected here in gener-
ally worse overall agreement, especially in terms of strain-to-failure. The qualitative
assessment of the damage states shows partial agreement for most cases with the
exception being the Soft 90% load level, which is rated as poor. The assessment
of agreement in damage states reflects both potential inaccuracies of the model as
well as potentially insufficient inspection resolution since in many cases the analysis
predicted small cracks (< 1 mm long) that were not observed in the X-Ray CT
results.

38



Table 5: Summary of analysis results in terms of selected quantitative and qualita-
tive metrics.

Layup Mesh Initial Strain-to- Damage Damage
size stiffness Strength failure 75% 90%

Hard
0.25 -3.6% -10.7% 10.4% partial poor
0.20 -3.6% -5.8% -5.2% partial partial
0.15 -3.7% 2.8% 3.8% partial partial

Quasi
0.25 0.6% -3.8% -7.7% partial partial
0.20 0.5% -3.9% -9.0% partial partial
0.15 0.5% 1.8% -3.1% partial partial

Soft
0.25 -0.5% -8.2% -29.8% partial poor
0.20 -0.5% -10.3% -31.1% partial poor
0.15 -0.5% -11.9% -33.1% partial poor

4.5 Interactions between fiber damage and delamination

The analysis results show that delamination plays a role in the predicted strength
for all three layups. In the Quasi and Soft laminates, delamination and subsequent
sub-laminate buckling contribute to the predicted loss in load carrying capability.
For all three laminates, the delaminated area increases with fiber damage, con-
tinuing to increase after the fiber damage plateaus (Figures 10, 15 and 18). The
cross-section images of the deformed mesh (Figures 11, 16 and 19) indicate that
out-of-plane shearing occurs in the elements where fiber damage localized. Consid-
ering these observations, the models appear capable of accounting for the interac-
tion between compressive fiber damage and delamination, wherein compressive fiber
damage drives delamination which may eventually lead to sub-laminate buckling.

While the prediction of fiber compression and delamination interaction is phys-
ically relevant, it is surprising that the model is capable of predicting this behavior.
The constitutive model softens the fiber direction response and has no direct effect
on the other terms of the stiffness matrix (i.e., G13 is not degraded). Therefore, the
constitutive model suggests that increasing fiber compression damage would cause
the element to progressively flatten, without any noticeable effect on its shear or
out-of-plane response through the damage evolution.

However, in the presence of a small shear deformation, the material coordinate
system may become slightly misaligned, resulting in non-negligible shear stresses.
Such material system rotation explains how large out-of-plane stresses may develop
in the solid elements representing the plies, that force delamination onset and prop-
agation. Notionally, out-of-plane deformations are equally likely to occur whether
or not the element experiences fiber damage since, as noted above, the constitu-
tive model does not affect these stiffness terms. However, the numerical controls
(e.g. enhanced hourglass control and distortion control) that prevent large changes
in element volume, introduce a perturbation that promotes shearing deformations.
Thus, one reason why the large out-of-plane shearing localizes in the fiber damaged
elements is numerical issues associated with large deformations and large decrease
in volume. Further investigation of this observation is needed to clarify the material
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Figure 21: Predicted strength normalized to the measured strength as a function of
mesh size.

modeling, discretization, and numerical considerations.

5 Effect of numerical parameters

The effects of two numerical parameters (mesh size and mass scaling) on the pre-
dicted results are examined in this section. First, the effect of mesh size and the
mesh convergence of the results are discussed. Then, the role of mass scaling is
described and evaluated.

The stress vs. strain results for the three mesh sizes considered (0.15, 0.2, and
0.25 mm) were presented previously in Figure 8. In general, the responses from
the different mesh sizes are very similar. To evaluate the mesh convergence, the
predicted strengths normalized to the average experimentally measured strength
are plotted as a function of the mesh size in Figure 21. The results are somewhat
inconclusive in terms of mesh convergence; additional mesh sizes are needed for this
evaluation. However, the results for the Hard and Quasi laminates approach the
experimental averages as the mesh size is reduced. It is interesting that the error
in predicted strength reduces when the mesh size is reduced from 0.2 to 0.15 mm,
since previous verification and benchmarking studies have suggested that 0.2 mm
mesh size is sufficiently small to predict matrix cracking accurately for this material
system [18]. The difference in the trend for the Soft layup may reflect the fact that
its strength prediction is more sensitive to sub-laminate buckling than fiber damage.
While conducting analyses with additional mesh sizes may help elucidate the mesh
convergence characteristics of the current model, no further analyses were conducted
because reducing the mesh size below 0.15 mm was computationally intractable and
increasing the mesh size above 0.25 mm is known to produce inaccurate results for
matrix crack propagation [18].

Several analyses were run with varying amounts of mass scaling to examine the
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sensitivity of the results to the mass scaling settings. As the amount of mass scaling
was reduced, the results converged for the three mesh sizes and three different layups.
The final values (nominal values reported in Section 3) used for mass scaling led to
converged results in terms of the stress vs. strain results and damage evolution.

Prior to conducting the mass-scaling convergence study described above, the
common rule-of-thumb, wherein an analysis result is considered sufficiently quasi-
static if the overall kinetic energy is less than a certain fraction of the internal energy
(e.g., 1%) was used as a baseline. Relatively large amounts of mass scaling, wherein
the final result is obtained in less than 2 × 105 increments, satisfy the 1% kinetic
energy heuristic, but produce noticeable oscillations in the stress-strain curves. Only
by detailed examination of the results for evidence of dynamic effects was it possible
to conclude the results are relatively quasi-static. It is noted that artifacts of the
mass scaling do remain (e.g., the oscillations after the load drop in Figure 18), but
in general are very small. Since the final outcome of the mass-scaling convergence
study was that about 1.5 × 106 increments were needed to obtain a quasi-static
solution, and the maximum allowed number of increments in a double precision
Abaqus/Explicit analysis is 2 × 106, when possible it may make more sense to simply
attempt to use as many increments as possible to get the most quasi-static result
possible instead of trying to optimize the mass scaling parameters.

6 Sensitivity to physical parameters

In light of the overall good agreement in predicted and measured strength, the
sensitivity of the models was evaluated with respect to selected physical parameters.
First, the effect of thermal residual stresses is considered. Then, the effect of the
parameters that define the compressive fiber constitutive response are evaluated.

6.1 Effect of considering thermal residual stresses

While many analyses ignore thermal residual stresses, in certain situations they can
be important. Analyses were conducted to evaluate the effects of thermal residual
stresses on the predicted damage evolution and stress vs. strain response for the
three laminates. Thermal residual stresses were modeled by assigning coefficients of
thermal expansion to the plies and applying an initial prescribed temperature drop
∆T in a thermal cool down step. The prescribed displacement was then applied
subsequently in the loading step.

In terms of the overall stress vs. strain response shown in Figure 22, the inclu-
sion of ∆T had different effects depending on the layup. In the figure, the stress vs.
strain responses from the baseline are shown with the solid dark-colored lines and
the responses from the analysis using the thermal step are shown with the dashed
lines. The test data are shown with the light-colored lines. The response for the
Hard layup6 was nearly identical with and without the thermal step. For the other
two layups, significant differences are noted in the response. In all cases, the pre-

6The Hard layup analyses were conducted with the 0.15 mm mesh size. The other two layups
were analyzed with the 0.2 mm mesh size.
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Figure 22: Stress vs. strain with (dashed lines) and without (solid lines) thermal
residual stresses. The light colored lines are the test results.

dicted strength is reduced when the thermal step is included. Considering the test
data, it is noted that the agreement between test and analysis deteriorates when
the thermal step is included. While it is presumed that adding the thermal step
should decrease the predicted error compared with experiments, several potential
explanations for alternative behavior are available. First, some material properties
measured using laminates (e.g. GFC) implicitly include the effects of thermal resid-
ual stresses, resulting in double counting the thermal residual stresses. In addition,
the specimens may have absorbed some moisture, which relieves the thermal residual
stresses [39]. The moisture level of the specimens was not monitored. Finally, the
linear thermal step may be overly simplistic considering the residual strains result
from a complicated nonlinear material process.

The differences in the damage evolution from the simulations with and without
the thermal step are discussed in the remainder of this section. First, the large dif-
ferences in stress vs. strain response are explained in terms of the damage evolution
behavior for the Soft and Quasi laminates. Then, the results for the Hard laminate
are shown.

The damage evolution predicted by the models with and without thermal resid-
ual stresses is summarized in Figure 23 for the Soft and Quasi laminates. The results
shown in blue are the baseline analysis results and the curves shown in red are the
analysis results including the thermal step. The delaminated area averaged across
all of the ply interfaces is shown with the dashed lines plotted using the left-hand
ordinate. The maximum value of compressive fiber damage throughout the model
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Figure 23: Effect of thermal residual stresses (red lines) on the fiber compression
damage and delamination evolution. The blue lines are the baseline results without
thermal residual stresses.
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is shown as a function of applied strain with the solid lines plotted using the right-
hand-side ordinate axis. For the Quasi layup, when thermal residual stresses are
included the fiber damage is nearly double that without thermal stresses at 0.5%
strain. Likewise, the rapid increase in delaminated area occurs at about 10% lower
strain when thermal stresses are included. In the result with the thermal step,
the peak load occurs around 0.6% strain, which is well after the fiber damage has
plateaued and when the delamination area is becoming large. This is in contrast
to the baseline result, where it was found that the peak load occurs when the fiber
damage and delaminated area are both growing. Hence, when adding thermal resid-
ual stresses, the Quasi layup strength becomes controlled by sublaminate buckling.
For the Soft laminate, the differences between the two analyses were smaller. With
and without the thermal step, the failure mode is sublaminate buckling. The main
differences between the two models is that, when the thermal step is included, the
delaminated area increases at a lower applied strain level.

The damage pattern for the Hard laminate is very similar with and without the
thermal residual stresses, consistent with the stress vs. strain response. However,
the inclusion of thermal residual stresses changes the propagation rate of the splitting
cracks in the central 0◦ ply block. The nominal analysis results differ greatly from
the measured split lengths at the 90% load level (see Figure 12). To investigate how
thermal residual stresses change the split propagation behavior, a series of analyses
were run for the nominal temperature change from the cure cycle information, ∆T =
−155◦C, and several lesser values to survey the sensitivity of the splitting crack
propagation to ∆T . To ensure that the splits do not reach the end of the damageable
region, the local PDFA region was extended from 20 mm to 30 mm. The 0.15
mm mesh size model was used for this study. Due to a memory limitation in the
Abaqus/Explicit packager7 related to the very large number of degrees of freedom of
these models, the model width was reduced from 38.1 mm to 30 mm. The results are
shown in Figure 24 alongside the analysis with no thermal cool down (∆T = 0◦C)
and the test measurements repeated from Figure 12. At locations B and C shown
in Figure 24a, the test measurements show the splits are about 1-mm-long at 0.46%
strain (75% load) and grow to about 8 mm by 0.56% (90% load). The nominal
analysis result with no thermal residual stresses agrees with the test data at 75%
load, but underpredicts the split length by about 50% at the 90% load level. Adding
thermal residual stresses results in unstable propagation of the splitting cracks shown
by the vertical jumps in the curves for ∆T = −60◦C, −100◦C, and −155◦C. The
analysis result using ∆T = −155◦C matches the split length at the 90% load level,
but overpredicts the split length at the 75% load level. No analysis result matches the
test data at both load levels. While further investigation is needed to understand this
discrepancy, one potential explanation is scatter (replicate-to-replicate variations)
in the test data since the test measurements at 75% and 90% load levels were made
using two separate specimens. Considering the splitting crack lengths at locations
A and D in Figure 24b, the results are generally insensitive to ∆T at the 75% and
90% load levels.

7Abaqus software developers are aware of this limitation and intend to fix it in a future release.
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Figure 24: Splitting crack lengths in the central 0◦ ply block in the Hard laminate
vs. strain showing the effect of different values of ∆T .

6.2 Effect of XC

The longitudinal compressive strength, XC , is challenging to measure, see e.g. [40].
The nominal value XC = 1731 MPa used in this work comes from [33]. This value is
high compared with other values of XC reported in the literature for IM7/8552. For
example, XC = 1200 MPa is reported in [41]. Lee and Soutis showed a thickness
sensitivity, with XC reported between 869 and 1570 MPa, which they correlated
with initial fiber misalignments [7]. It is noteworthy that the XC calculated based
on multidirectional laminate tests in [7] is 1710 MPa, very similar to the value used
herein, reported in [33]. Following [7, 40], it is argued that the lower values of XC

are an artifact of test method issues (e.g. stress concentrations at the tabs) and that
the higher value is the representative strength that should be used. Nonetheless,
analyses were run with the 0.2 mm mesh models using XC = 1200 MPa and com-
pared with the nominal results to quantify the sensitivity of the model predictions
to the longitudinal strength.

The stress vs. strain curves for the two strength values and each layup are shown
in Figure 25. The nominal results with XC = 1731 MPa are repeated from Figure 8
and shown with the dotted lines. The results with XC = 1200 MPa are shown
with the solid lines. Almost no sensitivity to XC is seen for the Quasi layup, while
pronounced differences are noticed for the other two layups. The results obtained for
the Hard and Soft layups with the two values for XC are discussed in the remainder
of this section.

For the Hard laminate, XC = 1200 MPa reduces OHC strength because fiber
damage starts earlier and leads to large delaminations at the first load drop. The
eventual collapse is still governed by fiber damage, but delaminations play a larger
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Figure 25: Stress vs. strain for the nominal 0.2 mm mesh models with XC = 1731
MPa (dotted lines), and the same models with XC = 1200 MPa (solid lines).

role in that they result in more load transfer into the zero plies. The failure mech-
anism resembles the nominal Quasi laminate failure mechanism, where there is an
interaction between fiber damage and delamination. This is in contrast to the nomi-
nal Hard laminate failure sequence, which is dominated by fiber compression failure.
In addition to the reduced strength, there is a compounding factor that further am-
plifies the difference in load at onset of fiber damage when using the reduced XC .
When XC is reduced, the splitting cracks in the 0◦ plies are relatively short at fiber
damage onset. When XC is increased, the splitting cracks propagate farther prior
to fiber damage onset, thus blunting the longitudinal stress concentration, which in
turn delays the fiber damage. In summary, the Hard laminate results are sensitive
to XC in terms of when and how damage evolution occurs.

The fiber damage predicted in the Soft laminate for XC = 1200 MPa exhibits
a non-physical pattern that results from numerical deficiencies of the model. The
observed fiber damage pattern near the peak load is shown in Figure 26a. The
alternating rows of damaged and undamaged elements is a pattern resulting from a
numerical issue and is not physically relevant. This spurious damage pattern may
arise due to the combination of process zone size and local stress state, but once the
pattern starts with damaged-undamaged-damage elements at the hole boundary
it is self-propagating. The results for the simulation using the nominal material
properties did not exhibit this spurious damage pattern. The fracture process zone
size lFPZ is proportional to E11GFC/X

2
C (see, e.g., [35]), whereby it is clear that

arbitrarily reducing the XC as done here increases the process zone length. Holding
the process zone length constant, if XC = 1200 MPa, then GFC = 29.3 kJ/m2.
Reducing the strength and toughness using a constant lFPZ, the same spurious
damage pattern appears, but the damage is mostly concentrated in the center row
of elements as shown in Figure 26b, so the result is not completely satisfactory.
Although not implemented, one simple way to circumvent this numerical issue is to
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Figure 26: Spurious fiber damage pattern in the results for the Soft laminate showing
alternating rows of damaged elements. The results are shown at 77.6% σc,pda.

enforce a minimum crack spacing with 2 or more undamageable elements between
each row of damageable elements using the section definition as is done for matrix
cracking. In light of the numerical difficulty encountered in the Soft laminate for
XC = 1200 MPa, the predicted response is not considered trustworthy. These results
are shown to underscore the challenges in developing PDFA models that are robust
across a practical input parameter space.

6.3 Effect of GFC

The sensitivity of the results to the fiber fracture toughness GFC is interesting to
investigate since there is no consensus or test standard for measurement of this
material input. The particular nominal value used in this study, GFC = 61 kJ/m2

was measured using a series of geometrically-scaled cross-ply double edge notched
specimens in [34]. During the ACP, these tests were repeated using the same material
and processing procedures as used to fabricate the OHC specimens. The fracture
toughness was found to be GFC = 57.1 kJ/m2 [36], very similar to the value reported
in [34]. Others have generally reported a wide range of values for GFC , all lower than
the value found from the double edge notch tests. Catalanotti et al. tested cross-ply
compact compression specimens made from IM7/8557 and reported GFC = 47.5
kJ/m2 [42]. Laffan et al. [43] and Wind et al. [44] used notched unidirectional four-
point-bend specimens made from IM7/8552 and report much lower values: 25.9
kJ/m2 and 28.3 kJ/m2, respectively. Catalanotti et al. say that the rising R-Curve
explains the wide range of reported values in that the lower values are simply points
lower on the R-Curve than the higher values [34].

The sensitivity of the predicted strength to different values of GFC was analyzed
for all three layups and the results are shown in Figure 27. Three off-nominal values
of GFC were considered: 30, 45, and 75 kJ/m2. The computed strength (σ̃c,pda) is
normalized by the nominal predicted strength on the ordinate axis. In general, a
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Figure 27: Sensitivity of the predicted strength to GFC .

consistent trend is observed with higher values of GFC producing higher predicted
strengths. It is noteworthy that using GFC = 30 kJ/m2 to represent the lower
reported values reduced the predicted strength by 10–15%. Since the predicted
strengths are generally below the measured strengths, the expected error compared
with the experiments when using the lower values of GFC is in the range of 10–20%.

The role of fiber damage in the failure sequence explains some of the details in
the results shown in Figure 27. The Hard and Quasi laminates are more sensitive
than the Soft laminate to GFC , which is expected since the Soft laminate failure is
primarily driven by sub-laminate buckling. However, the Soft laminate has some
sensitivity to reduced values for GFC . Decreasing GFC leads to earlier and more
extensive fiber damage, which promotes earlier and increased delamination, which
in turn makes sub-laminate buckling more likely. The Quasi laminate result shows a
noticeable knee in the curve where the knockdown from 45 to 30 kJ/m2 is much less
than from 61 to 45 kJ/m2. This occurs because at 30 kJ/m2 the failure mechanism
changes to sub-laminate buckling.

7 Concluding remarks

This report describes a recent validation activity conducted as part of the NASA
Advanced Composites Project (ACP) to evaluate the capability of the progressive
damage analysis code CompDam for predicting OHC failure. Tests were conducted
on OHC specimens with three different layups using digital image correlation and
X-Ray computed tomography to help capture the structural response and damage
evolution. The experimentally observed failure mechanisms were found to be similar
to those reported in the literature. The experimental measurements of damage
states were synthesized into schematic damage maps to facilitate understanding
and comparison with analysis predictions.

Finite element models of the OHC specimens were constructed for use with the
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CompDam material model. The fiber direction compression response was mod-
eled using a conventional continuum damage mechanics approach with a trilinear
stress-strain law. Detailed interrogation of the analysis results and comparisons
with experimental measurements provided a basis for assessing the capability of the
models. Evaluation of the model results elucidated the role of the matrix cracking,
delamination, and fiber compression damage and their contribution to structural
collapse. Based on the study, several conclusions and comments are enumerated.

1. The test and analysis structural responses are generally in good agreement in
terms of stiffness, strength, and strain-to-failure. With the smallest mesh size
(0.15 mm), the error in predicted strength is 2.8%, 1.8%, and -11.9% for the
Hard, Quasi, and Soft layups, respectively.

2. The strain-to-failure is not well predicted in the Soft laminate, apparently
because the model does not capture well the residual loading capability after
fiber damage initiates. This finding highlights the importance of using a range
of laminates in validation studies to fully exercise the model.

3. The pre-peak damage evolution is dominated by matrix cracks and fiber dam-
age in the 0◦ plies. Post-peak, delaminations are always observed. Based on
the analysis results, it is observed that the Hard and Quasi layups collapse as
a result of fiber compression damage (kinking) in the 0◦ plies, whereas the Soft
laminate collapses due to delamination and sublaminate buckling. Increased
fidelity of test measurements, especially near the peak load, is needed to ex-
perimentally determine the governing failure mode. Also, test and analysis
efforts directed at enhancing understanding of the interaction between fiber
kinking and delamination will help improve capability for future OHC models.

4. Overlaying the measured and predicted damage states at 70% and 90% load
levels served to highlight the differences between the test and analysis damage
states. It was noteworthy that in all cases, only partial agreement was found.
Quantitatively accurate agreement in terms of damage states was not possible
to achieve.

5. Sensitivity studies show that thermal residual stresses and difficult-to-measure
material property inputs can have a significant influence on the results. Fiber
compressive fracture toughness obtained following [34], which yields a value
roughly twice that obtained from other methods, appears to be appropriate
for use in the current modeling approach. The sensitivity study revealed a
spurious damage pattern in one case, which highlights the need to validate
models across the anticipated input parameter space–an expensive undertaking
for complex PDFA models.
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