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Abstract In this study, in-plane mixed mode-I/II fatigue crack growth simulations and experi-

ments are performed for the Al 7075-T651 aluminum alloy which is widely used in the aerospace

industry. Tests are carried out under different mode mixity ratios to evaluate the applicability of

a fracture criterion developed in a previous study to mixed mode-I/II fatigue crack growth tests.

Results obtained from the analyses and experiments are compared with existing and developed cri-

teria in terms of crack growth lives. Compact Tension Shear (CTS) specimens, which enable mixed

mode loading with loading devices under different loading angles, are used in the simulations and

experiments. In an effort to model and simulate the actual conditions in the experiments, crack sur-

faces of fractured specimens are scanned, crack paths are modeled exactly, and contacts are defined

between the contact surfaces of a specimen and the loading device for each crack propagation step

in the analyses. Having computed the mixed mode stress intensity factors from the numerical anal-

yses, propagation life cycles are predicted by existing and the developed mixed mode-I/II criteria

and then compared with experimental results.
� 2018 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fracture mechanics and its applications, including mixed-
mode fracture, are being studied extensively in such important

areas as energy, defense, aviation, and space industries in
developed countries that produce high-technology products.
Fracture and crack propagation analyses are performed for
airframe, helicopter, and aircraft engine parts even during

the design phase. Many of the fracture and fatigue crack prop-
agation problems that have been encountered in the aviation
industry are related to fuselage of military and passenger air-

craft, gas turbine engines and turbine blades.1–13

Fatigue crack growth studies for many practical engineer-
ing problems have mostly concentrated on pure mode-I load-
ing condition over the past six decades. Unfortunately, pure

mode-I loading condition does not always occur in practice,
and in many cases, cracks are exposed to mixed mode loads,
i.e., directions of the loads are not normal to the crack plane.
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During crack growth under mixed mode loading, crack growth
direction changes in accordance with mode mixity ratios.
Thus, for accurate assessment of life predictions, crack growth

direction plays a key role along with the fatigue crack growth
rate under mixed mode loading conditions. Mixed mode frac-
ture and crack propagation problems are encountered due to

different reasons: multi-axial and mixed mode loads, non-
perpendicular orientations of crack surfaces with respect to
global uniaxial loading, and different types and combinations

of boundary conditions.
Several stress- or energy-based fracture criteria have been

proposed so far to understand the fracture mechanism of in-
plane mixed mode problems. Maximum Tangential Stress

(MTS),14 minimum Strain Energy Density (SED),15 Maximum
Energy Release Rate (MERR)16,17 and Maximum Tangential
Strain (MTSN)18 criteria are some of the most common theo-

retical criteria used in fracture and crack propagation analyses
for mixed mode-I/II fracture problems. Tanaka,19 Richard20–22

and Pook23 et al. also proposed different fracture criteria by

defining equivalent Stress Intensity Factor (SIF) equations.
For predictions of the crack growth increment and direction
under in-plane mixed mode loading, definition of an equivalent

SIF representing a combination of mode-I and mode-II SIFs is
essential. Although many criteria have been proposed with
regard to predictions of crack growth increment and its direc-
tion for mixed mode-I/II fracture problems, there is no stan-

dard criterion for mixed mode crack growth tests. Biner24

investigated the crack growth behavior of AISI-304 stainless
steel under mixed mode-I/II loading conditions by using Com-

pact Tension Shear (CTS) specimens, and compared experi-
mental crack growth directions with those obtained using the
SED criterion and the MERR criterion. The author reported

that the SED criterion significantly over-estimates the deflec-
tion angle of crack growth at high mode mixities. Zafosnik
et al.25 also performed mixed mode-I/II crack growth simula-

tions and tests using CTS specimens made of Al alloy and
results obtained from simulations combined with MTS and
SED criteria were compared with experimental data. The
results showed that, as is the case with Biner’s results, the

SED criterion is less accurate for determination of the kink
angle under high mode mixities, and the MTS criterion pro-
vides good prediction agreement, but for further crack exten-

sions the criterion deviates from experimental data. A
literature survey about various criteria proposed for predic-
tions of mixed mode crack growth directions and rates was

given by Qian and Fatemi.26 They reported by referring to
studies existing in the literature that significant discrepancies
occur between crack growth criteria when the mode-II compo-
nent is dominant under mixed mode-I/II loading conditions.

Ren et al.27 reviewed several widely accepted fracture criteria
in terms of crack initiation angle and fracture toughness ratio
under in-plane mixed mode fracture. The authors indicated

that many criteria can provide a good prediction for predom-
inately mode-I fractures, but none of them yields good predic-
tions under predominately mode-II conditions. In a previous

paper,28 mixed mode-I/II fracture analyses and experiments
were performed for different types of CTS specimen, and data
obtained from the experiments was compared with predictions

from the analyses using existing criteria in the literature.
Results showed that existing criteria yield reasonably close
predictions to those of experiments for up to moderate levels
of mode mixity in the loading. However, most existing criteria
start deviating from experimental measurements for highly
mixed mode loading conditions. Therefore, using all data
obtained from analyses and experiments, improved empirical

mixed mode-I/II fracture criteria were proposed in terms of
fracture loads and crack deflection angles, and the developed
criteria28 were validated by applying them to the results of

the experiments. Although the previous study28 focused on
mixed-mode fracture toughness tests under static loading, in
this study, fatigue crack growth modeling and experiments

are performed to validate the developed equivalent SIF equa-
tion in terms of propagation life cycles. In this context, in-
plane mixed mode-I/II fatigue crack growth experiments are
performed by using CTS specimens. Fracture surfaces of bro-

ken specimens are modeled exactly by scanning the surfaces,
and fracture analyses are performed by simulating the real
conditions in the experiments for all crack growth increments

of the tests. Having computed the mixed mode stress intensity
factors from the numerical analyses, equivalent SIFs on the
crack fronts are calculated using existing and developed crite-

ria, and life cycles are computed for each criteria. Finally,
crack growth lives under different loading angles (30�, 45�,
60� and 75�) are compared with experimental results.

2. Existing in-plane mixed mode criteria

For determination of fracture behaviors under in-plane mixed

mode loading conditions, there are various criteria that exist in
the literature. Some of these criteria are summarized in this
section.

The Erdogan and Sih criterion14 is one of the most com-

monly used criterion for in-plane mixed mode problems.
According to this criterion, crack propagates from the crack
tip radially at a direction which contains the maximum tangen-

tial stress. If this tangential stress exceeds a critical value or an
equivalent stress intensity factor (Keq) reaches the fracture
toughness (KIC) value of the material, crack propagation

becomes unstable, and fracture occurs. Keq and the crack
deflection angle for this criterion are expressed by

Keq ¼ cos
/0
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where KI and KII are the SIFs of mode-I and mode-II, respec-
tively; /0 is the crack deflection angle.

Another criterion developed for mixed mode-I/II problems
is the Richard criterion.21,22 The equivalent SIF and crack
deflection angle can be determined by the following

equations:

Keq ¼ KI

2
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In Eq. (3), a1 is a material parameter describing the ratio of
KIC/KIIC and generally taken as 1.155.
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Another criterion was proposed by Tanaka,19 who stated a
concept of the equivalent SIF for mixed mode conditions.
According to this criterion, the equivalent SIF is formulated by

DKeq ¼ DK4
I þ 8DK4

II

� �1=4 ð5Þ
Pook23 also developed an in-plane mixed mode criterion

and proposed an equation from which the equivalent SIF
can be obtained using mode-I and mode-II SIFs as

DKII

DKth

¼ 0:08
DKI

DKth

� �2

� 0:83
DKI

DKth

þ 0:75

" #1=2

ð6Þ

where DKth is the threshold range of stress intensity for
mode-I.

In a previous study,28 modeling and analysis of in-plane
mixed mode-I/II fatigue crack growth experiments were car-

ried out for each mode mixity ratio to evaluate the applicabil-
ity of the equivalent SIF criterion developed for mixed mode-I/
II fracture problems. The equivalent SIF equation with regard

to the developed criterion28 obtained using two types of spec-
imens, namely CTS specimen and T-specimen, is given by

Keq ¼ 1:0519� K4
I � 0:035� K4

II þ 2:3056� K2
I � K2

II

	 
1=2
ð7Þ
3. Fatigue crack growth experiments

In this section, fatigue crack growth experiments are per-
formed by using Compact Tension (CT) specimens under pure
mode-I loading and by using CTS specimens under in-plane

mixed mode loading. The Al 7075-T651 aluminum material,
which has an elastic modulus of 70 GPa, a Poisson’s ratio of
0.33, and an initial yield stress of 460 MPa, is machined from

rolled plates in the L-T rolling direction and used for all exper-
iments. Before fatigue crack growth experiments, fatigue pre-
cracking is performed under mode-I loading according to the
Fig. 1 Experim
ASTM E647-13a standard29 by using an axial fatigue test
machine. Pre-crack lengths of all specimens used in experi-
ments are determined as indicated in the standard. Crack

propagation during tests is monitored and controlled by using
a high-zoom camera and divided sub-millimetric scales on
specimens, and the number of cycles are recorded simultane-

ously (see Fig. 1). Pre-crack and fatigue test loads are deter-
mined according to the ASTM condition ((Kmax)final-pre-

cracking � (Kmax)initial-testing). After generation of the pre-crack,

fatigue crack growth tests are performed at R = 0.1 (where
R is the stress ratio) for all experiments.
3.1. Mode-I fatigue crack growth experiments

In this sub-section, fatigue crack growth experiments are per-
formed by using CT specimens (see Fig. 2) under pure mode-
I loading to determine the fatigue crack growth rate data of

the material used in the experiments.
The general fatigue crack growth behavior exhibited by

most structural materials under constant-amplitude test condi-

tions is described by the relationship between the crack growth
rate, da/dN, and the stress intensity factor range, DK, in the lg-
lg scale. In Fig. 3, a typical fatigue crack growth curve includ-

ing three regions is shown. Paris and Erdogan30 discovered the
following equation for Region II, in which stable crack growth
exists and logarithm of the crack growth rate linearly increases
with increasing lg DK:

da

dN
¼ CðDKÞn ð8Þ

where C and n are crack growth-related material properties.
DK is the SIF range and can simply be the mode-I SIF for
mode-I loading conditions or an equivalent SIF, DKeqv, for
mixed mode crack growth situations. DK for a CT specimen

under pure mode-I loading condition is calculated using the
following formula according to the ASTM standard:
ental set-up.



Fig. 2 Geometry and dimensions of a CT specimen.

Fig. 3 Typical fatigue crack growth curve.

Fig. 5 Comparisons of fatigue crack growth rates for Al 7075-

T651, R= 0.1.
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where DP is force range, a is crack length, B and W are the
thickness and width of the specimen.

In Fig. 4, overall views of the CT specimens before and
after tests are given. For each mode-I test, SIF ranges are cal-
culated by using test load ranges and updated crack lengths

based on crack growth increment measurements. Fatigue crack
Fig. 4 Overall views of CT spe
growth rate data of the material is plotted, and material con-
stants C and n are obtained as 1.46 � 10�6 and 2.44, respec-

tively (da/dN in ‘‘mm/cycle” and K in ‘‘MPa�m1/2”) by fitting
the curves. Material constants obtained previously from the lit-
erature for Al 7075-T651 are substituted in Eq. (8), and the

corresponding fatigue crack growth rate data are compared
with the experimental data in the logarithmic scale (see
Fig. 5). It is seen from the figure that experimental data
obtained in this study are close to those from the litera-

ture.31–34 Thus, for all mixed mode simulations presented in
this paper, material properties obtained from mode-I fatigue
cimens before and after tests.
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crack growth experiments are used to calculate crack propaga-
tion lives.

3.2. In-plane mixed mode-I/II fatigue crack growth experiments

In-plane mixed mode-I/II fracture experiments are performed
under different loading angles using pre-cracked CTS speci-

mens (see Fig. 6), which are widely used in the literature and
proposed by Refs.21,35.

Mixed mode loading apparatus are designed to allow the

loading axis to pass through the mid-point of the specimen
width under different loading angles. Fatigue crack growth
experiments are carried out for loading angles of 30�, 45�,
60� and 75�. 10 mm thick specimens are used in the experi-
ments. In Fig. 7, overall views of the experimental set-up are
shown. The crack growth rates during load cycle intervals
are recorded concurrently for each mixed mode loading condi-

tion. Consistent fracture surfaces and deflection angles are
observed from the tests for all loading angles.

4. Modeling of fatigue crack growth experiments

Experimental fracture surfaces of all broken specimens are
scanned exactly and the mean crack surface is obtained by a

surface fit of the crack propagation planes for every mode mix-
ity ratio, i.e., loading angle. Fracture surface regions, i.e.,
crack paths, are divided into equal spaces to model and ana-

lyze separately each incremental crack profile. Modeling and
Fig. 6 Dimensions of a CTS specimen.21,35

Fig. 7 Overall views of experimental set-up with a CTS
solution of the global problem, including all parts of the test
system, for each mode mixity case are carried out using
ANSYSTM36 by defining contact mechanics between the speci-

men and the loading apparatus. In Fig. 8, process steps
involved in modeling of crack surfaces are shown representa-
tively for the 9th crack propagation step under 30� loading

angle. In an effort to simulate the real conditions as in the
experiments, contacts are defined between the contact surfaces
of the loading devices, pins and specimen. Boundary condi-

tions are defined so that the surface nodes of the bottom load-
ing clevis are constrained in all directions and those of the
upper loading clevis are allowed to move along the loading
axis only. Load is applied on the upper loading clevis in the

vertical direction. Having obtained the overall global solution
of the system using ANSYSTM, displacements are taken from
nodes of the loading hole surfaces of the specimen by using

submodeling. Then, these displacements are applied on the
specimen model, and three-dimensional fracture analyses are
performed using FRAC3D, a standalone finite element pro-

gram employing enriched finite elements to calculate the result-
ing SIFs as the main solver of FCPAS (Fracture and Crack
Propagation Analysis System).37,38 Having computed the

mixed mode SIFs from the numerical analyses, equivalent SIFs
on the crack fronts are calculated by substituting the SIFs (KI

and KII) into the developed and existing mixed mode-I/II cri-
teria, and life cycles are predicted for each criterion. Finally,

crack propagation lives under different loading angles (30�,
45�, 60� and 75�) are compared with experimental results.

5. Numerical and experimental results

In this section, results obtained from numerical analyses of
actual mixed mode-I/II fatigue crack growth experiments

and comparisons of fatigue crack growth rates predicted using
different criteria with experimental results are presented for
different loading conditions.

Three pre-cracked CTS specimens are tested experimentally
under 30� loading angle. In an effort to ensure that the
corresponding ASTM fatigue crack growth test condition

(Kmax)final-pre-cracking � (Kmax)initial-testing is satisfied, specimens
are tested under two different fatigue test loads. An 8.8 kN
fatigue load (R= 0.1) is applied to one specimen, labeled as
CTS-01, and an 11 kN fatigue load (R = 0.1) is applied to

the other two specimens, labeled as CTS-02 and CTS-03. In
Fig. 9, front views of the broken specimens under the 30� load-
ing angle are shown. Since fatigue pre-crack lengths measured

after experiments are not always the same, in Fig. 9, fracture
specimen under 30�, 45�, 60� and 75� loading angles.



Table 1 Predicted equivalent SIFs according to mixed mode-I/II c

Crack profile

number

SIFs (MPa�m1/2)

(center point)

Equivalent SIFs (MPa�m1/2)

KI KII Richard

criterion21,22
Erdogan

criterion14

Pre-crack 8.95 1.90 8.52 8.58

1st front 10.79 0.39 9.72 9.73

2nd front 11.75 �0.08 10.58 10.57

3rd front 12.74 �0.66 11.51 11.33

4th front 14.02 �0.59 12.64 12.51

5th front 15.13 �1.66 13.83 12.91

6th front 16.28 �1.07 14.74 14.37

7th front 17.42 �2.04 15.97 14.76

8th front 19.25 �2.30 17.65 16.27

9th front 21.08 �3.04 19.49 17.33

Fig. 8 Process steps involved in modeling of crack surfaces for the 9th crack propagation step under 30� loading angle.

Fig. 9 Front views of three broken CTS specimens under 30�
loading angle.
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surfaces are overlapped at the crack deflection point of the fati-
gue pre-crack surface, and the mean crack deflection angle is
obtained by surface fitting of the crack growth surfaces. Frac-

ture analyses are performed by modeling the experimental
crack surface for each crack propagation step until it reaches
the starting point of unstable crack growth. In Table 1, SIFs
obtained from center points of crack profiles and equivalent

SIFs calculated using in-plane mixed mode-I/II criteria are
given for the case of 8.8 kN fatigue loading.

Crack propagation lives are evaluated by substituting the

equivalent SIFs into Eq. (8) for each criteria. Numerical anal-
ysis results for the 8.8 kN fatigue load are also scaled to repre-
sent the 11 kN fatigue load and to compare the results in terms

of crack growth lives. Variations in crack length as a function
of number of load cycles under the 30� loading angle are pre-
sented for 8.8 kN and 11 kN fatigue loads in Figs. 10(a) and (b),
respectively. As can be seen from the figures, all of the criteria
riteria for 30� loading condition (applied load is 8.8 kN).

and Sih Pook

criterion23
Tanaka

criterion19
Developed

criterion

8.56 8.09 8.35

9.73 9.71 9.84

10.58 10.58 10.71

11.51 11.47 11.63

12.65 12.61 12.79

13.86 13.62 13.88

14.75 14.65 14.88

16.00 15.69 16.00

17.68 17.33 17.68

19.55 18.99 19.43



Fig. 10 Comparisons of fatigue crack growth lives predicted using different criteria and experimental data.

Table 3 Predicted equivalent SIFs according to mixed mode-I/II criteria for 60� loading condition (applied load is 13.65 kN).

Crack profile

number

SIFs (MPa�m1/2)

(center point)

Equivalent SIFs (MPa�m1/2)

KI KII Richard

criterion21,22
Erdogan and Sih

criterion14
Pook

criterion23
Tanaka

criterion19
Developed

criterion

Pre-crack 7.79 5.04 9.83 10.36 9.99 8.73 8.35

1st front 12.40 1.18 11.29 11.31 11.31 11.16 11.35

2nd front 13.42 0.76 12.13 12.14 12.14 12.08 12.25

3rd front 14.24 0.78 12.87 12.87 12.87 12.82 13.00

4th front 14.97 1.35 13.62 13.64 13.63 13.48 13.71

5th front 16.47 0.37 14.83 14.83 14.83 14.82 15.01

6th front 18.08 �0.25 16.28 16.26 16.28 16.27 16.48

7th front 19.68 0.36 17.72 17.72 17.72 17.71 17.94

8th front 20.16 �0.87 18.19 18.00 18.20 18.15 18.40

9th front 21.35 �0.71 19.24 19.12 19.24 19.21 19.47

10th front 22.34 �1.43 20.21 19.74 20.23 20.10 20.41

Table 2 Predicted equivalent SIFs according to mixed mode-I/II criteria for 45� loading condition (applied load is 11.4 kN).

Crack profile

number

SIFs (MPa�m1/2)

(center point)

Equivalent SIFs (MPa�m1/2)

KI KII Richard

criterion21,22
Erdogan and Sih

criterion14
Pook

criterion23
Tanaka

criterion19
Developed

criterion

Pre-crack 8.95 3.21 9.26 9.46 9.36 8.31 8.68

1st front 12.77 0.75 11.55 11.55 11.55 11.49 11.66

2nd front 13.74 �0.03 12.37 12.37 12.37 12.37 12.52

3rd front 14.89 �0.27 13.40 13.38 13.40 13.40 13.57

4th front 16.15 �0.57 14.56 14.46 14.56 14.54 14.73

5th front 17.47 �0.89 15.78 15.54 15.78 15.72 15.94

6th front 18.81 �1.45 17.06 16.48 17.08 16.93 17.20
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Fig. 11 Distributions of mixed mode SIFs along the crack front

for each crack propagation step under 75� loading angle.
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agree very well with the experimental results under different
fatigue loads.

Table 2 summarizes the SIFs from the fracture analyses

performed for incremental crack propagation steps under 45�
loading angle for the crack front center point on the crack
front and the corresponding equivalent SIFs according to dif-

ferent mixed mode-I/II criteria. 11.4 kN fatigue loading is
applied in the analyses. In Fig. 10(c), comparisons between
predicted crack growth lives by different criteria and experi-

mental lives for the 45� loading condition are given. All of
the criteria have about the same and close tendency as the
experimental results for this loading condition.

In Table 3, SIFs obtained for the crack front center point

from the fracture analyses performed for incremental crack
propagation steps under 60� loading angle and corresponding
equivalent SIFs according to mixed mode-I/II criteria are pre-

sented. 13.65 kN fatigue loading is applied in the analyses.
Crack lengths as a function of number of load cycles under
the 60� loading angle are given in Fig. 10(d). Similar to other

loading conditions, all of the criteria provide similar and close
predictions to the experimental data.

Finally, fracture analyses are performed for incremental

crack propagation steps under 75� loading angle. As is with
the 30� loading case, 13 kN (R= 0.1) and 15 kN (R= 0.1)
are applied separately in experiments and numerical analyses.
In Fig. 11, distributions of SIFs along the crack front for each

crack propagation step for the case of 15 kN fatigue loading
under the 75� loading angle are given and the related equiva-
lent SIFs computed for the crack front center point according

to mixed mode-I/II criteria are given in Table 4. It is seen from
Fig. 11 that, as expected, KII and KIII decrease during crack
growth while KI increases, i.e., the mixed mode problem is con-

verged to that of mode-I loading type, and eventually the crack
continues to grow on a path perpendicular to the loading axis.
The distribution of KIII SIFs along the crack front is linear due

to the Poisson’s ratio effect of the material.28 It is also seen
that the equivalent SIF obtained from the developed crite-
rion28 for the initial crack is much lower than that from the
existing criteria. Although closer equivalent SIFs are obtained

for lower mode mixity ratios using the developed and existing
criteria, remarkable differences between them are observed for
this loading angle.

As mentioned in the Section 1, most existing criteria show a
deviation from experimental measurements under high mode
mixity ratios according to some studies in the literature and

a previous study.28 Therefore, in the previous study,28 a newly
developed criterion involving highly mixed mode conditions
was also proposed for in-plane mixed mode-I/II problems.
Thus, significant differences are observed between existing cri-

teria and the developed criterion for the initial crack in the 75�
loading case. It is also seen that the equivalent SIFs for the
later crack propagation steps are closer to each other. The rea-

son is that, as the crack starts propagating under a mixed mode
condition, the dominant mode type changes from mode-II to
mode-I. SIF solutions obtained for the 15 kN fatigue load

are scaled to represent the 13 kN fatigue load, and compar-
isons of crack growth lives predicted by criteria with experi-
mental lives are given in Fig. 12. The closest trend is

obtained between the prediction made by the developed crite-
rion and experimental crack growth lives under the 13 kN fati-
gue load (see Fig. 12(a)). All of the criteria are in good
agreement with the experimental results under the 15 kN
fatigue load (see Fig. 12(b)). An acceptable level of agreement
is seen between experimental results and numerical crack
growth rates calculated by the developed criterion for both

loading cases under the 75� loading angle.

6. Summary

In this study, in-plane mixed mode-I/II fatigue crack growth
experiments are performed under different loading conditions
(30�, 45�, 60� and 75�), and modeling and analyses of the
experiments are carried out to evaluate the applicabilities of

a criterion developed previously by the authors and different
criteria available in the literature to mixed mode-I/II crack
growth tests. Results show that all of the criteria are in good



Table 4 Predicted equivalent SIFs according to mixed mode-I/II criteria for 75� loading condition (applied load is 15 kN).

Crack profile

number

SIFs (MPa_sm1/2)

(center point)

Equivalent SIFs (MPa�m1/2)

KI KII Richard

criterion21,22
Erdogan and Sih

criterion14
Pook

criterion23
Tanaka

criterion19
Developed

criterion

Pre-crack 4.15 7.84 10.25 11.64 10.38 11.89 6.44

1st front 12.36 2.68 11.79 11.88 11.85 11.17 11.55

2nd front 13.18 2.55 12.43 12.51 12.49 11.89 12.25

3rd front 13.96 2.58 13.12 13.19 13.17 12.60 12.96

4th front 14.41 2.34 13.41 13.47 13.46 12.99 13.32

5th front 15.54 2.36 14.41 14.46 14.45 14.00 14.34

6th front 16.40 2.19 15.10 15.15 15.14 14.77 15.09

7th front 17.10 2.16 15.71 15.75 15.74 15.39 15.72

8th front 18.03 1.96 16.48 16.51 16.50 16.23 16.54

9th front 19.10 1.81 17.39 17.42 17.41 17.19 17.49

Fig. 12 Comparisons of fatigue crack growth lives predicted using different criteria and experimental data under 75� degree loading

angle.
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agreement with the experimental lives for all loading condi-
tions. Although significant differences are obtained from the
developed criterion in terms of equivalent SIFs for the initial

crack, similar equivalent SIFs are obtained for the later crack
propagation steps under 75� loading angle. Since a high mode
mixity condition changes to almost nearly a mode-I condition

immediately after the first crack propagation step from the ini-
tial crack, a significantly notable decrease is observed in KII.
Thus, closer crack growth lives are obtained between the used
criteria and experimental data. Thus, crack growth lives are

minimally affected by the difference obtained for the initial
crack, yielding closer total crack growth lives between different
criteria and experimental data.
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28. Demir O, Ayhan AO, _Iriç S. A new specimen for mixed mode-I/II

fracture tests: Modeling, experiments and criteria development.

Eng Fract Mech 2017;178:457–76.

29. ASTM E647–13a. Standard test method for measurement of 495

fatigue crack growth rates. West Conshohocken: ASTM Int; 496

2013.

30. Paris PC, Erdogan F. A critical analysis of crack propagation

laws. Trans ASME Ser D 1963;85(4):528–33.

31. Sander M. Comparison of fatigue crack growth concepts with 500

respect to interaction effects. In: Nilsson F, editor. 15th European

501 Conference on Fracture (ECF15); 2004 Aug 11–13; Stockholm,

502 Sweden. Amsterdam: European Structural Integrity Society;

2004.

32. Forman RG, Shivakumar V, Cardinal JW, Williams LC,

McKeighan PC. Fatigue crack growth database for damage

tolerance analysis. Washington, D.C.: Office of Aviation Research,

U.S. Department of Transportation Federal Aviation Adminis-

tration; 2005.

33. Kim JK, Shim DS. A probabilistic analysis on variability of

fatigue crack growth using the markov chain. KSME Int J 1998;12

(6):1135–42.

34. Abelkis PR, Potter JM. Service fatigue loads monitoring, simula-

tion, and analysis: a symposium (No: 671). West Con-

shohocken: ASTM Int; 1979. p. 94–117.

35. Richard HA, Benitz K. A loading device for the creation of mixed

mode in fracture mechanics. Int J Fract 1983;22:55–8.

36. ANSYS. Theory Manual Version 12.0. Canonsburg: Ansys Inc;

2009.

37. Ayhan AO, Nied HF. Stress intensity factors for three-dimen-

sional surface cracks using enriched elements. Int J Numer

Methods Eng 2002;54:899–921.

38. Ayhan AO. Simulation of three-dimensional fatigue crack prop-

agation using enriched finite elements. Comput Struct 2011;89(9–

10):801–12.

http://refhub.elsevier.com/S1000-9361(18)30169-9/h0065
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0065
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0065
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0070
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0070
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0075
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0075
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0080
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0080
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0080
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0085
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0085
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0090
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0090
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0090
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0095
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0095
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0100
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0100
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0100
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0105
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0105
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0105
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0110
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0110
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0110
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0115
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0115
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0115
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0115
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0120
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0120
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0130
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0130
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0135
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0135
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0135
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0140
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0140
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0140
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0140
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0150
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0150
http://refhub.elsevier.com/S1000-9361(18)30169-9/h9010
http://refhub.elsevier.com/S1000-9361(18)30169-9/h9010
http://refhub.elsevier.com/S1000-9361(18)30169-9/h9010
http://refhub.elsevier.com/S1000-9361(18)30169-9/h9010
http://refhub.elsevier.com/S1000-9361(18)30169-9/h9010
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0160
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0160
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0160
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0160
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0160
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0165
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0165
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0165
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0170
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0170
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0170
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0175
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0175
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0180
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0180
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0185
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0185
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0185
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0190
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0190
http://refhub.elsevier.com/S1000-9361(18)30169-9/h0190

	Evaluation of mixed mode-I/II criteria for fatigue crack propagation using experiments and modeling
	1 Introduction
	2 Existing in-plane mixed mode criteria
	3 Fatigue crack growth experiments
	3.1 Mode-I fatigue crack growth experiments
	3.2 In-plane mixed mode-I/II fatigue crack growth experiments

	4 Modeling of fatigue crack growth experiments
	5 Numerical and experimental results
	6 Summary
	Acknowledgements
	References


