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Abstract: To properly model complex aircraft structure an
understanding of mixed mode, also known as three dimensional,
crack growth is required. The Center for Aircraft Structural Life
Extension (CAStLE) at the United States Air Force (USAF)
Academy is in the process of completing a project to generate
three dimensional (3D) crack growth data for thin sheet (1.6 mm)
aluminuim alloy (AA) 2024-T351 and predict the measured crack
growth rate, crack trajectory and residual strength using state-ofthe-art stress analysis and life prediction tools. To produce the
mixed mode crack trajectory and residual strength data ARCAN
specimens were used with a modified ARCAN fixture.
The ARCAN test fixture allows the ARCAN sample to be rotated
to produce different mixtures of mode I and mode II loading (with
0° being pure tension/compression (mode I) and 90° pure shear
(mode II)). ARCAN specimens were tested at angles of 0°, 30°,
60° and 75° under constant Keq starting loads followed by a Kincreasing test and a stress ratio (R) of 0.1. A travelling optical
microscope was used to track crack trajectory and crack growth.
While mechanical testing was being completed, we also
developed a crack prediction model of the ARCAN specimen
using FRANC3D NG, a solid modeling, mesh generation and
fracture mechanics code from Cornell University Fracture Group.
FRANC3D NG should be able to predict the cracking behavior
observed in the ARCAN tests. A parallel effort was also
undertaken to develop an engineering model of mixed mode crack
growth where contributions to mode I and mode II growth were
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accounted for using KI and KII and the appropriate baseline crack
growth data.
Based on our results, some of the mixed mode data can be
modeled using the engineering model. The FRANC3D NG model
is currently limited by restraints of the analysis tools itself and
other factors. Mixed mode crack growth produces data with large
amounts of scatter, therefore more data is needed to draw firm
conclusions about how mixed mode cracks propagate.

INTRODUCTION
In complex aircraft structure, crack growth rarely propagates in the idealized
fashion assumed in durability and damage tolerance analyses (DADTA). Usually
the applied loading is not perpendicular to the crack nucleating feature and
subsequent crack propagation. This situation is known as mixed mode crack
growth or in more general terms, three dimensional (3D) crack growth. Most
DADTA’s conducted assume mode I loading only; thus, engineering judgment is
used to estimate the amount of error present in the idealized models. A better
understanding of mixed mode fatigue crack growth is needed to design better crack
prediction models. Little work has been published in the area of mixed mode
fatigue crack growth, hindering the development of newer and more accurate
DADTA. The Center for Aircraft Structural Life Extension (CAStLE) at the
United States Air Force (USAF) Academy is in the process of completed a project
to generate three dimensional crack growth data and predict the measured crack
growth rate, crack trajectory and residual strength using state-of-the-art stress
analysis and life prediction tools. The ability of the current prediction methods to
model the complex 3D crack growth will be evaluated.

TESTING
Testing Background
The Center for Aircraft Structural Life Extension at the United States Air Force
Academy is in the process of completing a program to generate three dimensional
(3D) fatigue crack growth data for thin sheet aluminium alloy (AA) 2024-T351 at
two material orientations, longitudinal transverse (LT) and transverse longitudinal
(TL), and then to attempt to model the results using state-of-the-art stress analysis
and life prediction tools. The program also studied the effects of mixed mode
loading on the residual strength of AA2024-T351 in the LT and TL material
orientation.
ARCAN Fixture and specimen
There are a few methods that can be used to produce mixed mode loading in a
uniaxial servo-hydraulic test frame including 4-point-bending, single edge notch
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specimens under torsional loading, and multiple test fixtures that rotate to apply a
combination of mode I/mode II loading to a specific sample type [1-5]. CAStLE
selected the ARCAN test fixture with the ARCAN test specimen to complete the
mixed mode mechanical testing as the sample has a comparatively large gauge
section for a mixed mode sample with which to study crack trajectory and growth
[1-5]. Most of the specimen and loading fixtures mentioned above have been used
in stable tearing testing (monotonic loading) of crack growth rather than fatigue
crack growth (cyclical loading). Figure 1 shows a diagram of the ARCAN fixture
used by CAStLE for testing. It should be noted that a modified ARCAN fixture,
which is pinned at three points on each end to prevent rotation during testing,
rather than the original ARCAN design which has the fixture pinned into the test
frame at only a single point on each end, was used for all mechanical testing in this
program [5,6]. CAStLE’s ARCAN fixtures and pin and clevis sets were made
from high nickel, medium carbon 4140 steel. The pins were hardened after
machining and the rest of the fixture is in the annealed state. The ARCAN test
fixture, as originally designed, can only hold samples up to 3.175 mm (0.125 inch)
thick, thus it is currently used for thin sheet testing [5,6]. The fixture allows an
ARCAN sample to be rotated at 15° increments from 0° to 90° to produce different
amounts of mode-mixity during loading; with 0° being pure tension/compression
loading (mode I) to 90° being pure shear loading (mode II).

Figure 1: Mechanical drawing of the ARCAN fixture used by CAStLE for all
mixed mode testing. All dimensions are in millimeters (mm).
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The ARCAN specimen, also called a “butterfly specimen”, is used in the ARCAN
fixture to complete mixed mode (mode I/mode II) crack growth tests. Figure 2 is a
diagram of the ARCAN test specimen used for all of the mixed mode tests. The
AA 2024-T351 samples tested had a thickness of 1.6 mm (0.063 inches). The 45°
notch on the ARCAN specimen was electric discharge machined (EDMed) into the
specimens to ensure a sharp notch for fatigue crack initiation. To align the
ARCAN samples in the center of the servo-hydraulic test frame actuator, shims
1.01 mm thick were used during testing.

Figure 2: Mechanical drawing of ARCAN specimen used for all mixed mode
testing, all dimensions are in millimeters.
Initial Load Determination
Very little work has been completed or published in the area of mixed mode
fatigue crack growth, particularly using the ARCAN specimen and fixture. The
ARCAN system has mainly been used in the evaluation of mixed mode loading on
stable tearing [5,6]. It was discovered through finite element models of the
ARCAN specimen that controlling the stress levels of the samples during
mechanical testing was impossible with the ARCAN specimen; as there is no
cross-section through which the stresses are uniform for off-axis loading (see
Figure 3). Therefore it was not possible to define a consistent initial stress value to
use for all tests. Figure 3, below, shows the finite element (FE) stress contours
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across the loading axis of the sample. As can be noted, the stress field changes
dramatically as the angle of loading is adjusted from 0°, 30°, 60° to 75°.

Figure 3: Finite element stress contours (x, or horizontal) for the ARCAN
specimen under four displacement conditions.
Instead, each test was started with approximately the same equivalent stress
intensity (Keq),:

K eq = K I2 + K II2

(1)

with pre-cracking to be completed at a lower Keq. The equivalent stress intensity
takes into account the stress intensity from the mode I portion of loading (KI) and
the stress intensity from the mode II portion of loading (KII). The value of Keq
selected for pre-cracking would need to be far away enough from the long crack
threshold stress intensity factor, Kth of the da/dN vs. ∆K curve that cracking will
occur and a stress intensity value low enough that stable fatigue crack growth
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should occur without tearing during testing at a higher Keq. After starting each test
at the same Keq the test continued as an increasing K test.
Calculation of Stress Intensities
In the finite element analyses, the Virtual Crack Closure Technique (VCCT) was
used to derive the stress intensity at the crack tip for the various loading angles [7].
Table I shows some typical results of the analyses for a particular pre-crack length.

Table I:
angles.

Typical VCCT stress intensity factors at pre-crack tip for five loading

The “Applied ftot” column is the resultant magnitude of the constraint forces given
an arbitrary 0.254 mm (0.01 in) applied displacement. The KI/ftot and KII/ftot
columns are the important results for these analyses, as they give the test machine
operator the information needed to determine the load setting required to achieve a
certain SIF for a given specimen mounting angle. For these tests, it was decided an
equivalent stress intensity would be calculated for the pre-cracked condition, and
the loading amplitude would be set such that the starting Keq=7.59 MPa√m (6.9
ksi√in) for each sample. Carpet plots were generated for each loading angle to
assist in setting the cyclic loading amplitude. The 75° plot is shown in
Figure 4.
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Figure 4: Carpet plot for initial load selection for 75° test sample.
The figure example indicates a load of approximately 3047 N (685 lbs) is required
for a peak Keq of 7.59 MPa√in (6.9 ksi√in) given a pre-crack length of 2.997 mm
(0.118 inches) [8]. These loads were based on the FE results using the VCCT
technique normalized by the total load calculated from nodal constraint forces at
the holes. This normalization assumes the resultant load in the specimen is
essentially along the load frame actuator axis.
It was decided later in testing that different load values should be used to try and
determine if different initial Keq caused variation in the fatigue crack trajectory.
Mixed Mode Crack Growth Trajectory Testing
One of the project goals was to determine the effect of mode mixity on fatigue
crack trajectory. To evaluate different combinations of mode I/mode II loading on
fatigue crack growth, four angles were selected to be tested, 0° (pure mode I), 30°,
60° and 75°. During unpublished pilot tests it was noted that cracks would not
grow at the 90° orientation for the K levels used in the 3D crack program. Three
tests were performed at each angle at each material orientation, longitudinal
transverse (LT) or transverse longitudinal (TL). As testing progressed the third set
of LT and TL 0° samples were changed to 15° tests. Table II shows the test matrix
for all mixed mode crack trajectory testing.
Each sample was pre-cracked at 0° with a maximum load (Pmax) of 2669 N (600
lbs), with a stress ratio (R) of 0.1, at a frequency (υ) of 30 Hertz (Hz) The samples
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were cycled until a pre-crack length of 2.997 mm (0.118 inches) was reached, per
ASTM 647 [8]. The front and back crack length was monitored visually with a
travelling microscope, with a digital readout with micron resolution.

Table II: Test matrix for crack growth trajectory testing; 24 samples total.
Once the proper pre-crack length was achieved, the sample was rotated to the
appropriate testing angle and cycled at the maximum load values listed in Table III
with R of 0.1, υ equal to 30 Hz. Prior to the start of testing the pre-crack length
was measured again, this time at the testing angle, and recorded. The EDM notch
tip was the zero point for all crack length measurements. The front and back crack
length was checked every 2,500 to 10,000 cycles depending on crack growth rate.
A crack length measurement was not recorded until the crack had grown 0.508 mm
(0.020 inches) [8]. The fatigue crack was allowed to grow until sample failure by
unstable crack growth.

Angle
Pmax Set 1

0°
2688 N
(600 lbs)
2688 N
(600 lbs)
‐

15°
‐

30°
60°
75°
2313 N
2046 N
2202 N
(520 lbs)
(460 lbs)
(495 lbs)
Pmax Set 2
‐
2758 N
2402 N
2202 N
(620 lbs)
(540 lbs)
(495 lbs)
Pmax Set 3
2624 N
2647 N
2758 N
3047 N
(590 lbs)
(595 lbs)
(620 lbs)
(685 lbs)
Table III: Table of maximum loads used for each set of crack trajectory specimens.
Once testing was complete a photograph was taken of the smaller sample portion
and placed on a grid using Corel Paint Shop Pro®. The points recorded during
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testing were used to plot the crack trajectory in coordinates that could then be
plotted with Microsoft Excel®.
Mixed Mode Crack Growth Residual Strength Testing
Another goal of this testing program was to determine the effect of mode mixity on
residual strength. The ARCAN fixture and specimen were again used for this part
of the program. The angles tested during the residual strength portion of the
program were the same as those used in the crack trajectory portion: 0°, 30°, 60°
and 75°, with 15° replacing the 0° degree sample in the third set of tests completed.
Both material orientations (LT and TL) were tested as well. Table IV show the
text matrix for all residual strength testing. All of the residual strength samples
were pre-cracked in a servo-hydraulic test frame in the same manner as the crack
trajectory specimens expect that the pre-crack lengths for the residual strength
specimens were 6.35 mm (0.250 inches) for two sets of tests and 7.62 mm (0.300
inches) for the triplicate test set. The longer pre-crack length was selected based
on previous CAStLE work on stable tearing with the ARCAN fixture and
specimen. It was noted that if the pre-crack is not long enough then sudden failure
can occur before stable tearing takes place [9].

Table IV:Test matrix for mixed mode residual strength testing; 24 samples total.
Once the pre-crack had reached the proper length the residual strength samples
were rotated to the proper testing angle and strained in a servo hydraulic test frame
under a constant displacement rate of 0.0254 mm/min (0.001 in/min) [9]. The
front and back crack growth was measured using a traveling optical microscope
with a digital measurement display. Crack length measurements were taken after
at least 0.508 mm (0.02 inch) of crack extension was observed. At each crack
length measurement the force on the sample and the current axial displacement
were recorded as well. After testing was complete the crack trajectory was plotted
using the same method as was used with the crack trajectory specimens. The load
versus displacement curve was plotted for each of the residual strength samples
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tested. Due to time constraints, the residual strength portion was not finished by
the time of reporting for this paper, however the work completed to date is reported
below.

MECHANICAL TESTING RESULTS
Crack growth trajectory testing results
Given the large number of mechanical tests completed, only selected representative
results are presented below. On average the rotated samples had a shorter fatigue
life than the 0° samples. Figure 5 shows the crack trajectory for LT samples
fatigued at each angle tested. All of the fatigue test trajectories shown in Figure 5
were started at approximately 7.59 MPa√m and then completed as a K-increasing
test. For the LT tests the 60° samples follow a path close to the 30 degree samples
path. Note the triangle and diamond marked crack paths. The 0°, 15° and 75°
crack paths are more distinctive.

Figure 5: LT crack trajectories for ARCAN samples fatigued at 0°, 15°, 30°, 60°
and 75° with a starting Keq value of 7.59 MPa√m (6.9 ksi√in) followed by a Kincreasing test.
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Figure 6 shows representative TL crack growth trajectory data for 0°, 15°, 30°, 60°
and 75°. The shown TL crack trajectories were produced by starting the fatigue
tests at approximately Keq equal to 7.59 MPa√m and completing a K-increasing
test. On average there is less of a change in the fatigue life of the samples based on
mode-mixity for the TL samples compared to the LT trajectory samples. In the TL
tests the 60 degree sample trajectory was closer to the 75 degree sample trajectory
than the 30 degree sample trajectory. The 0, 15 and 30 degree trajectories are also
much closer than the LT trajectories.

Figure 6: Representative TL fatigue crack growth trajectory data produced by Kincreasing testing with a starting Keq value of 7.59 MPa√m.
For a better understanding of the data variation at each angle tested a breakdown of
the trajectory data by testing angle is presented below. Figure 7 plots the
trajectories for all of the 0° samples tested. The 0° samples are all very constistant
in their trajectories with no noticable anomolies. The LT samples deviate from the
0° crack path slightly while the TL samples do not. This deviation is most likely
caused by the presence of the grain boundaries impeding crack propogation for the
LT samples. The average LT fatigue life (372,183 cycles) is very close to the
average TL fatigue life (336,422 cycles), this is an unexpected result as it is widely
known that material orientation does effect fatigue life for aluminum alloys. Also
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the LT and TL da/dN curves produced by CAStLE suggest that there should be a
differnece between the LT and TL ARCAN fatigue tests at 0°. The TL 0° fatigue
samples had a large spread in cycles to failure with one sample taking just over
100,000 cycles and the other exceeding 500,000 prior to failure. It is possible that
with only two TL and LT fatigue tests completed an accurate average fatigue life
cannot be determined, and that with more testing a difference would be noted
between the LT and TL 0° samples. The variation in the cycles to failure for the
samples, especially the TL samples suggests, that more testing is needed to fully
understand the fatigue life of the ARCAN sample.
The samples tested at 30°, shown in Figure 8, have a fairly consistent fatigue crack
path with the exception of sample IISA66TL. The reason for the drastic difference
in crack path for sample IISA66TL is unknown, none of the other samples
removed from the larger panel around that location experienced anomolies in crack
path or fatigue life . The sample IISA66TL did have a longer pre-crack than the
other samples tested at 30°; it is possible that the longer fatigue crack changed the
starting Keq value sufficently to affect the crack trajectory of the sample. The
average fatigue life for the LT 30° samples is 319,103 cycles, with the TL average
fatigue life being 373,600 cycles. Again the TL samples have a wider spread on
cycles to failure, with one sample taking over 800,000 cycles to fail compared to
approximately 90,000 cycles and 170,000 cycles. In contrast, the LT samples’
fatigue lives were all within a factor of 2 of the average.
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Figure 7: Zero degree crack trajectories for LT and TL ARCAN fatigue test
samples.
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Figure 8: Thirty degree LT and TL crack growth trajectories from ARCAN
specimen fatigue testing.
The 60 degree samples, shown in Figure 9, have the widest range of crack
trajectories compared to any of the other tested trajectories. Despite the spread in
the crack trajectories, the cycles to failure are similar between the LT (181,846
cycles) and TL (137,909 cycles) samples. Also, neither the LT or TL samples have
a very wide range of cycles to failure; all of the specimens were well within a
factor of two.
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Figure 9: Sixty degree LT and TL crack trajectories for ARCAN specimen fatigue
testing.
The 75 degree samples, shown in Figure 10, have similar crack paths for the LT
and TL samples with the exception of sample IISA27LT in which the crack
propogated in a path more similar to a 0° sample than a 75° sample. The reason
for this unusual crack path is unknown. Again, none of the other ARCAN samples
removed from the large panel at near-by locations experienced anomalous results.
The sample also did not have an unusually long pre-crack or other factor that can
be easily identified as the cause of the unexpected crack path. The cycles to failure
for the LT samples is 140,442 cycles, and the fatigue life for the TL samples is
263,750 cycles. Again the TL samples have a larger difference in cycles to failure
(57,500 cycles to 300,000 cycles) compared to the LT tests. The 75° samples have
the largest difference between the LT and TL average cycles to failure of all the
angles tested. It is possible that the larger amount of shear loading on the TL
grain orientation makes crack propogation more difficult than the LT orientation.
The addition of the predominantly mode II loading does appear to have a
determental effect on the average fatigue life of the samples, as both the 60°
samples and 75° degree samples have cycles to failure of almost half that of the 0°
samples. The mixed mode loading does not appear to affect the 30° specimens’
fatigue life.
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Figure 10: Crack growth trajectories for the ARCAN fatigue tests at 75°.
Based on the above results the effect of material orientation on mixed mode crack
propagation appears to be limited as far as fatigue cycles to failure for AA2024T351. Only the 75° samples have a greater average fatigue life in the TL material
orientation compared to the LT orientation for the samples tested. It does appear
that the TL orientation has a greater variation with respect to life cycles. However,
these variations do not have a notable effect on the average fatigue crack life.
When over 50% of the loading is in shear (mode II) the fatigue life of the samples
does decrease compared to 100% mode I loading. In the follow-on program
analysis of the crack trajectories in terms of crack growth rates is planned.
Based on the variations seen in the crack growth trajectory testing more testing is
needed to fully understand how the application of mixed mode loading affects the
crack growth mechanisms.
Residual strength testing results
Another area of interest with mixed mode testing is the effect of mode-mixity on
the residual strength of an alloy. Because of the unusual shape of the ARCAN
specimen, some discussion is still ongoing regarding how to best choose or
calculate cross-sectional area for the purposes of stating a “residual strength”
value. Therefore, all residual strength results will be presented in terms of
maximum load achieved for each test. Testing is also not complete for this part of
the program, however the results for the work completed are presented below.
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Figure 11 shows the load versus displacement curves for LT and TL ARCAN
specimens tested at constant displacement to determine the maximum load
achieved. The peak load achieved for both the LT and TL samples is higher for the
pure mode I loading (0°) than the samples tested in the mixed mode I/mode II
loading conditions. The larger the amount of shear loading, the lower the
maximum load achieved. There is a 4% difference between the LT and TL peak
load for the 0 degree specimen. The samples loaded at 30 degrees have almost the
same peak load value. The 60 degree LT sample has a 4.5% higher peak load than
the TL sample. The 75 degree samples again have almost the same peak load
achieved. The loading of the microstructure determines how the residual strength
is affected by the mixed mode loading.

Figure 11: Load vs. displacement for LT and TL ARCAN specimens. The LT 0°
sample, pure mode I loading, produces the highest peak load.
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MODELING WITH FRAN3D NG
Cornell Fracture Group’s (CFG) software, FRANC3D-NG (Next Generation) [10]
was used to model two cases (30° and 60° loading) of the ARCAN specimen
fatigue crack growth experiments. The modeling effort was an iterative one, with
near-real-time assistance being provided by CFG in troubleshooting and improving
the software. Multiple software versions were provided by CFG during the course
of the modeling effort.
The Model
The finite element model of the ARCAN specimen was developed using
MSC/Patran with the ABAQUS analysis preference. In contrast to the model used
in the previously mentioned VCCT analyses, this model used a global/local
modeling approach to reduce computational overhead and, more importantly, mesh
complexity. By using a local model to capture the cracked area of the specimen,
only that local portion had to be remeshed each time a crack growth increment was
modeled, see Figure 12. The FRANC3D-NG software preserved the interface
nodes, the nodes common to the local and global models, during remeshing. After
remeshing, the local model was reinserted into the global model, and the full model
was solved using ABAQUS.

Figure 12. The global and local models prior to remeshing of the submodel with
FRANC3D-NG.
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The global model and original local model were modeled using 20-noded
hexahedral elements. These were used to provide a compatible element boundary
interface to the 10-noded tetrahedral elements used by FRANC3D-NG in the
submodel. A typical FRANC3D-NG submodel is shown in Figure 13. Note that
the locations of nodes along the boundary of the submodel are preserved to
facilitate reinsertion into the global model at each crack growth step.

Figure 13. ARCAN cracked submodel after remeshing by FRANC3D-NG. Node
locations along the boundary are preserved for re-insertion into the global model.
Limitations of the Model
At the time these analyses were performed, FRANC3D-NG did not have a
nonlinear material capability. Therefore, all material models were linear-elastic.
Furthermore, while the software does allow the user to supply orthotropic
toughness properties, orthotropic crack growth rate criteria cannot be input into the
model—only a single set of rate data (da/dN vs. ∆K) may be used during any one
analysis. For these analyses, LT data for thin sheet (1.60 mm thick) AA2024-T351
data were used. These data were generated by CAStLE using the same material
from which the ARCAN specimens were fabricated.
Modeling Parameters
The FRANC3D-NG software has multiple criteria that may be selected for both
crack growth direction and crack growth increment. Only one of each was
exercised in this effort due to the unforeseen level of effort (i.e., iterating with the
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code developer) required to complete the analyses. For crack growth direction, the
selection “Maximum Stress Criterion (Tensile or Shear Fracture)” was used. This
uses the equation:

θ kink = θ ∀ MAX (σ θθ θ

max'

⎛ K Ic
⎜⎜
⎝ K IIc

2

⎞
⎛ K
⎟⎟ [σ rθ (θ )]2 + ⎜⎜ Ic
⎠
⎝ K IIIc

2

⎞
⎟⎟ [σ θz (θ )]2
⎠

)

(2)

for determining the crack growth direction, which evaluates the stresses in the
vicinity of the crack tip. The crack is grown in the direction of the larger of the
maximum hoop stress and the maximum shear stresses (in an RMS sense). The
coefficients (KIc/KIIc) and (KIc/KIIIc) were chosen to be 1.667 and 0 respectively.
The (KIc/KIIIc) coefficient was zeroed because, in this thin specimen, it is likely that
the effect of through thickness shear is small, and there was no reasonable way to
estimate this coefficient. The (KIc/KIIc) coefficient was estimated by using the
VCCT method with a Patran/Nastran finite element model of the ARCAN
specimen loaded at 90° and some data from AA7079 mixed-mode stable tearing
tests[9]. It is not claimed that this coefficient is accurate for AA2024-T351, but
estimating it did give the FRANC3D-NG code the opportunity to exercise this
portion of the algorithm. The use of this estimation is one potential reason the
predicted crack paths differ from the experimental paths. This and other possible
sources of error are discussed later herein.
For crack growth length increment, FRANC3D-NG allows for the use of usersupplied da/dN vs. ∆K data to determine the crack growth increment for each node,
∆anode i. In this case, the computed stress intensity factor is used, along with a userspecified number of fatigue cycles, to determine the crack growth increment.

(

Δa node i = Δ N f user ΔK node i

)

(3)

where fuser is the user-supplied da/dN vs. ∆K data. For the analyses herein, a LT
da/dN vs. ∆K curve produced by CAStLE, per ASTM E647-00 standards, using
15.24 cm (6 inch) wide M(T) specimens were used.
If the crack growth increment was too large or too small, modeling issues arose. It
was found through trial and error that a satisfactory increment was a number of
cycles that yielded between 0.254 and 0.381 mm of crack growth. At the initially
low values of ∆K (very early in the simulation), this represented a large number of
cycles (as many as 10,000–20,000 cycles for the 30° case). As crack growth
proceeded, the number of cycles per increment became shorter; as few as 500
cycles per increment in the latter stages of crack growth. Although the crack
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growth rate theoretically changes cycle by cycle, and the current algorithm has the
effect of averaging the rate over the prescribed number of cycles, the error
introduced by this averaging is small due to the small number of cycles used for
each crack growth increment.
FRANC3D-NG Modeling Results
The two cases run were (1) an ARCAN specimen loaded at 30° off from pure
mode I with a constant amplitude load of Ppeak = 2647 N, R = 0.1 and (2) an
ARCAN specimen loaded at 60° from pure mode I with a constant amplitude load
of Ppeak = 2758 N, R = 0.1. The results were compared to those of experiments
using similar parameters.
In the case of the 30° specimen (see
Figure 14), the FRANC3D-NG predicted crack path is shallower than the
experimental crack paths and the 30° “waterline” (this line is perpendicular to the
loading axis and is shown for reference). The shallowing of the predicted path may
be due to load skewness, discussed later. Note that the actual experimental crack
paths in this case are steeper than the waterline.
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Figure 14: Photo of part of post-test 30° Arcan specimen indicating three
experimental crack paths (blue, green, and black) with number of cycles to the end
of the crack and the FRANC3D-NG predicted path (red). The yellow reference line
indicates 30° from horizontal. The photo orientation matches that of the specimen
as mounted in the test frame. The color inset image is the FRANC3D-NG result as
depicted in ABAQUS.
The 60° case showed similar trends in the FRANC3D-NG model’s predicted crack
path: it was shallower than both the experimental paths and the waterline
perpendicular to the machine axis (see Figure 15). Again, it is postulated that the
shallowing of the predicted path is due to load skewness, described below.
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Figure 15: Photo of part of post-test 60° Arcan specimen indicating two
experimental crack paths (blue and green) with number of cycles and the
FRANC3D-NG predicted path (red). The yellow reference line indicates 60° from
horizontal. The photo orientation matches that of the specimen as mounted in the
test frame. The color inset image is FRANC3D-NG result as depicted in
ABAQUS.
Load Skewness and Results
Analysis of the FE model reaction loads at the specimen holes indicates that the
resultant load in the specimen is not aligned with the machine load axis, but rather
is skewed a few degrees off. Figure 16 shows a free body diagram for the 60°
ARCAN, but the effect is also present (though to a lesser degree) in the 30° case. It
was also found that the amount of skewness could be on the order of 30° and could
vary by as much as 5° over the range of crack lengths analyzed.
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Figure 16. Free-body diagram of 60° ARCAN specimen indicating internal forces
and moments reacting the hole loads. The angle α indicates the degree of skewness
of the resultant load. Units of loading are pounds force; moment is inch-pounds.
The load skewness in the model was corroborated by an analysis of the principal
stress directions at the center of the specimen. In the 60° ARCAN, the principal
stresses were seen to be approximately 27° off of the loading axis (specimen with
pre-crack only) as shown in Figure 17.
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Figure 17. Difference between loading axis (bold red line) and principal stress
directions at specimen center in 60° Arcan specimen model (Nastran).
This load skewness may explain why the FRANC3D-NG predicted paths follow
the lines seen in the results: if hoop stress (σөө) dominates in the vicinity of the
crack tip (see Equation 2), FRANC3D-NG will grow the crack perpendicular to
that direction, which is not aligned with the machine axis. Of course, this begs the
question of whether the model is correctly representing the actual test specimen, as
the experimental crack paths differ from that predicted by the model. Furthermore,
they differ in different ways in the two cases: in the 30° case, the crack paths are
steeper than the waterline, while in the 60° case, they are shallower. While
increasing the model fidelity is the subject of follow-on work, the following are
offered now for consideration as to the differences in modeling and mechanical
testing crack growth path and rate results:
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(1) The model assumes a perfectly rigid fixture with no “play” at pins and
joints—only the flexibility of the specimen is included. Some FE results
indicate that compliance in the fixture (allowing rotation, in particular)
reduces the degree of skewness, but increases the in-plane moment.
(2) The model assumes isotropic properties, so the predicted crack paths and rates
are not affected by any anisotropy present in the actual specimen (which is
known to be orthotropic).
(3) The model assumes linear elastic material behavior, while the specimen
obviously has local plastic behavior near the crack tip.
(4) Regarding Equation (2) and the angle of crack growth: further material
characterization is needed to accurately determine the correct mode II critical
K value. As was mentioned, the assumed value was derived from testing of
AA7079 thin sheet. It could be that a higher value of KIc/KIIc is appropriate for
this material, which would possibly turn the crack as in plane shear stress
begins to dominate.
(5) It could also be that none of FRANC3D’s built-in criteria (there are five builtin propagation direction criteria with five additional options for crack tip
closure; and there are six built-in crack extension amount criteria) are best for
AA2023-T351. Other researchers have developed criteria not included in the
above selections (crack opening displacement[6,11] which depends on stress
constraint [12] is one possibility). Implementation of new crack growth
criteria, some of which would require modeling of plasticity effects, is a
lucrative field for future research.
Section 10.9.2 of Suresh’s book [13] summarizes some theoretical methods by
which the direction of mixed mode crack growth can be predicted, but the
complexity of the load path through the ARCAN fixture and specimen make
accurate predictions using these methods problematic. Further characterization of
the skewed loading phenomenon is the subject of follow-on work, in which the
ARCAN fixture will be modeled as a flexible structure. This modeling work,
coupled with new and better crack growth criteria, may provide a way forward for
more accurate crack path predictions.

ENGINEERING MODEL CRACK GROWTH PREDICTIONS
Prediction set-up and logic
The final area of interest in the three dimensional crack growth program was to
determine if the crack growth rate from mechanical testing could be predicted
using other more simple crack growth prediction tools (i.e., tools that do not
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require an extensive modeling effort of the part of the user). A CAStLE developed
crack growth prediction algorithm was used for the three dimensional crack growth
predictions. In the interest of time remaining on the project, the algorithm was used
to model two 0° tests (one LT and one TL) and two 60° tests (one LT and one TL).
The prediction allows for the user to input da/dN vs. ∆K data for use during
modeling. For all predictions the CAStLE generated da/dN vs. ∆K curves using the
ARCAN specimen AA2024-T351 material were input into an algorithm developed
by CAStLE. All da/dN vs. ∆K data were produced per ASTM E647-00 [8]. The 0°
LT and TL predictions were developed using the da/dN vs. ∆K curves from testing.
For the 0° LT and TL predictions the respective LT or TL da/dN vs. ∆K curve
could be input into the algorithm for use with the prediction. However, for the 60°
predictions the mode-mixity of the sample loading must be taken into account.
Three methods were developed for examining the mode-mixity with the prediction
algorithm. The methods are detailed below.
Prediction 1
The first prediction uses KI and KII (local) tables as a function of crack length, as
well as angle of crack trajectory as a function of crack length. The (dK1, da/dN1)
material data is the LT da/dN vs.ΔK curve produced by CAStLE as described
previously in this paper, and the, (dK2, da/dN2) material data is the TL da/dN vs.
ΔK curve produced by CAStLE. The KI and KII local values are treated as vectors,
and their components resolved into the 0-degree (mode-I) and 90-degree (mode-II)
directions, respectively. The KI-global and the (dK1, da/dN1) material data are used
to resolve a growth increment. Likewise with KII-global and the (dK2, da/dN2)
material data. These two growth increments are added together for a total growth
increment per the one cycle as shown by Equation 4:

(4)
Checks are performed to stop the simulation if Kmax is achieved in either direction
and if the crack length exceeds the maximum length in the crack data table. The
crack data should be monotonically increasing, whereas the angle, KI, and KII
tables as a function of crack length do not need be. Figure 18 shows the two
vectors as described for this prediction.

28

Sarah E. Galyon, S. R. Arunachalam, J. Greer, M. Hammond and S. A. Fawaz

Figure 18: Diagram of the vectors used in the AFGROW 3 prediction.
Prediction 2
The second prediction uses a KI (local) table as a function of crack length, as well
as angle of crack trajectory as a function of crack length. The (dK1, da/dN1)
material data is the LT da/dN vs.ΔK curve produced by CAStLE as described
previously in this paper, and the, (dK2, da/dN2) material data is the TL da/dN vs.
ΔK curve produced by CAStLE. The dKI (local) value is used to obtain a crack
growth increment from the (dK1, da/dN1) material data set, as well as from the
(dK2, da/dN2) material data set. A linear interpolation is then performed between
the two crack growth rates with the testing loading angle as the variable shown in
Equation 5:
(5)
(For example, at 45-degrees: the dadN_interp= (1/2) [(dK1, da/dN1) @ dKI + (dK2,
da/dN2) @ dKI]). Figure 19 shows an explanation of the vectors used in this
prediction. Checks are performed to stop the simulation if Kmax is achieved and if
the crack length exceeds the maximum length in the crack data table. The crack
data should be monotonically increasing; whereas, the loading angle and KI tables
as a function of crack length do not need to be.
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Figure 19: Diagram of the vectors used in the Prediction 2 method.
Prediction 3
The third prediction method uses a KI, KII (local) table as a function of crack
length, as well as angle of crack trajectory as a function of crack length. The (dK1,
da/dN1) material data is the LT da/dN vs.ΔK curve produced by CAStLE as
described previously in this paper, and the, (dK2, da/dN2) material data is the TL
da/dN vs. ΔK curve produced by CAStLE. The local dKI and dKII values are used
to form a dKeff. The dKeff value is used to obtain a crack growth increment from the
(dK1, da/dN1) material data set as well as the (dK2, da/dN2) material data set. A
linear interpolation is then performed between the two crack growth rates with the
angle as the variable as shown with Equation 6:
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(6)
Figure 20 shows a diagram of the vectors used in the prediction. (For example, at
45-dgrees: the da/dN_interp= (1/2)[(dK1, da/dN1)@dKeff + (dK2, da/dN2)@dKeff].)
Note, Figure 19 shows the location of θ relative to da/dN1 and da/dN2. Checks are
performed to stop the simulation if Kmax is achieved and if the crack length exceeds
maximum length in the crack data table. The crack data should be monotonically
increasing; whereas, the angle and KI tables as a function of crack length do not
need to be.

Figure 20: Diagram of the vectors used in Prediction 3 method.
Zero Degree AFGROW prediction results
Figure 21 shows the predicted 0° LT crack length per cycle curve (circle markers)
compared to the crack growth test being predicted (square markers). The other LT
0° test is also shown (triangle markers). The prediction is well within the factor of
two spread for the average recorded cycles to failure for both tests, and is within
80,000 cycles of the cycles to failure of the sample being modeled (325,000 cycles
predicted compared to 406,737 cycles recorded), overall a good prediction as far as
cycles to failure. Another comparison completed between the test data and the
predictions was to determine the percentage difference specific data points along
each curve. The average percentage difference between the 0 LT prediction and
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the IISA24LT samples was 26% with the lowest deviation being 19% and the
highest being 39%. The predicted final crack length was 2.29 cm (0.9 inches)
compared to 2.68 cm (1.06 inches) for IISA24LT sample (a 0.39 cm difference),
also a good prediction. Overall the 0° LT prediction was acceptable.

Figure 21: This plot shows the 0° LT prediction (325,000 cycles to failure) for the
0° LT samples IISA24LT (406,737 cycles to failure) along with the other 0° LT
samples tested (IISA14LT).
The 0° TL AFGROW prediction is shown in Figure 22. The prediction matches the
average crack growth rate fairly well. The actual sample (IISA54TL) had a much
higher fatigue life (543,175 cycles) than the prediction (225,000 cycles). Also the
0° TL prediction on avarege varied from IISA54TL by 66%, with the least
deviation being 58% and the highest being 75%, again, making the prediction less
than ideal. However, the 0° TL samples had very different fatigue lives (543,175
cycles compared to 129,669 cycles). The prediction tracks very closely with the
average of the two crack growth samples, suggesting that additional testing might
have yielded results more comparable to the AFGROW prediction.
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Figure 22: Plot of the 0° TL prediction for the 0° ARCAN sample IISA54TL. The
plot also show the second 0° TL ARCAN test completed.
Sixty Degree AFGROW Predictions
For the 60° predictions the results were more diverse. For the LT sample
prediction (IISA64LT) all of the predictions are within the acceptable range, with
Prediction 3 being the closest to the original data. Prediction 3 under-predicted
IISA64LT by 32% on average, with the closest point deviating by about 29% and
the largest deviation being 35%. Prediction 1under -predicts the sample by about
67% and Prediction 2 by about 35% on average. Figure 23 shows the 60° LT
predictions with the 60° LT testing data. All of the predictions over estimate
sample IISA64LT, the mechanical test being modeled, however the other two 60°
LT ARCAN tests had longer fatigue lives, so it is possible that sample IISA64LT’s
cycles to failure were lower than would typically be seen. With the 60° LT
samples’ range of cycles to failure, it is difficult to accurately predict a specific
case well. None of the predictions come close to predicting the final crack length.
All of the predictions have a final crack length of approximately 2.29 cm (0.9
inches) with the final crack length of sample IISA64LT was 3.34 cm (1.31 inches),
over a 30% difference.
The 60° TL predictions, shown in Figure 24, are a reasonable approximation of the
cycles to failure of sample IISA48TL. Prediction 1 is the closest to the modeled
sample (IISA48TL) in cycles to failure. The fatigue life from the Prediction 1 is
approximately 120,000 cycles and the actual mechanical testing sample,
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IISA48TL, failed at approximately 171,000 cycles. Prediction 1 over-predicts the
sample by about 30% on average, with the lowest deviation being 22% and the
highest being 37 %. Predictions 2 (53 % deviation) and 3 (54% deviation)
predictions failed at approximately 90,000 cycles also making them possibly
acceptable predictions for sample IISA48TL, however Prediction 1 is substantially
better. Compared to the other 60° TL ARCAN tests the predictions are still within
the acceptable range. Both of the other 60° TL samples have higher cycles to
failure than the sample predicted, suggesting that with more testing Predictions 2
and 3 might be more acceptable. For predicting the final crack length, again all of
the AFGROW predictions were shorter (2.29 cm) than the actual test being
modeled (3.07 cm), a 25% difference in final crack length.

Figure 23: Plot of 60° LT AFGROW predictions with 60° LT crack growth data.
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Figure 24: Plot of 60° TL predictions, 60° TL mechanical fatigue test data.

CONCLUSIONS
Overall, three dimensional crack growth is a very complex process to test and
model. Based on the results of this program it is apparent that mixed mode fatigue
crack growth produces a wide variation of fatigue crack lives and crack
trajectories. From the fatigue crack growth testing it is apparent that when
AA2024-T351 samples are fatigued with over 50% mode II loading, in mode I/II
loading, the fatigue life is reduced in both the LT and TL material orientation
compared to the pure mode I samples. In residual strength (monotonically
increasing displacement) testing, the peak load achieved with mixed mode loading
(30°, 60° and 75°) is lower in both the LT and TL AA2024-T351 material
orientation than the peak load achieved by the pure mode I tests (0°). Overall the
variation in the results on the crack trajectory data suggest that a great deal more
testing and analysis is required to fully understand the mechanisms behind mixed
mode fatigue crack growth and to make determinations about crack path, fatigue
life and crack growth rate.
The FRANC3D-NG modeling produced crack trajectories that were not the same
as the mechanical data— the 30° model crack trajectory was steeper than the test
data and the 60° was shallower. However, it is hypothesized that a number of
modeling factors (outlined previously), including load ‘skewness’, could be the
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cause of these differences. The input and limitations of FRANC3D-NG also need
to be examined as the cause of the differences in the modeled crack trajectories and
the crack trajectories from mechanical testing. The follow-on program should be
able to provide some insight into whether or not these concerns are the cause of the
mismatch between the FRANC3D-NG model and the test data.
The engineering predictions were able to model the test data with reasonable
accuracy except for the 0° TL tests. All of the predictions (Predictions 1, 2 and 3)
were able to model the test data suggesting that the different methods for handling
the mode mixity can all be considered acceptable for three of the four cases
predicted (0° LT, 60° LT and 60° TL) with regard to fatigue life. Further
predictions of a larger range of data are needed to make a determination of which
method of predicting mode-mixity is best. Again the follow-on program should
provide more time and data with which to compare the predictions. None of the
60° degree predictions were able to properly predict the final crack length of the
60° LT and TL samples. The predictions should be refined with the use of more
data and other techniques.
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