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Countersunk fasteners are the most common fastener used in aircraft structure. For transport
aircraft fuselage structure, in-service inspection of longitudinal and circumferential joints
shows cracks nucleating and growing at the intersection of the faying surface and straight
shank portion of the fastener hole. To study the influence of the applied stresses on the crack
growth and shape, an analytical and experimental study were started. In the experimental
part, the crack growth from a countersunk hole subjected to tension and combined tension
and bending is investigated. This study showed the crack growth behavior from nucleation in
the straight shank part of the hole to a through the thickness part-elliptical crack. By using a
marker load fatigue cycle program and the scanning electron microscope (SEM), the crack
front at various times during the fatigue test were visible. The SEM investigation provides
not only a good opportunity to map the crack shape close to the bore of the hole, but also
provides a good indication of the crack penetration behavior as the crack growths through the
thickness of the sheet. In the analytical part stress intensity factors (K) for cracks growing
from a countersunk hole subjected to tension, bending and pin loading will be calculated. The
three-dimensional virtual crack closure technique is used to calculate the new K solutions.

1
INTRODUCTION
Inspections of in-service transport aircraft fuselage structure, longitudinal and circumferential joints show
specifically cracks nucleating at the intersection of the faying surface and the straight shank portion of the
fastener hole. After nucleation, crack growth and flaw shape development are heavily dependent on the
complex stress system present in the fuselage structure. With these observations, experimental and
analytical programs were developed to study the influence of the applied stress on the crack growth and
shape.
The experimental part of the investigation is discussed in part 2 and shows the crack grow behavior from
nucleation in the straight shank part of the hole to a through the thickness part-elliptical crack. By using a
marker load program and a SEM, the crack front at various times during the fatigue test is visible and can
be reconstructed. The reconstruction of the crack allows for an investigation into the relation between the
applied load and crack shape (a/c).

∗

Netherlands Institute for Metals Research, Delft University of Technology, Aerospace Engineering, Structures and
Materials Laboratory, 2629 HS, Delft, The Netherlands

+

Department of Engineering Mechanics, 2354 Fairchild Drive, Suite 6L-155, USAF Academy, CO 80840

1
de Rijck, Fawaz, Stress Intensity Factors Solutions for Countersunk Holes

The experimental investigation together with the in-service inspections provides the basis for the
analytical investigation described in section 3. The analytical study is sub-divided into several parts. First,
a mesh generation scheme needed to be developed. Second, since fatigue crack growth predictions require
a large database of K solutions, a large number of finite element models are necessary. A 3D finite
element model mesh generation scheme is therefore developed to eliminate all manual meshing. Finally, a
convergence study is completed to ensure high quality of the K solution. For the convergence study,
several finite element models of the same geometric dimension are required with the only variable being
the degree’s of freedom. After the requisite number of degrees of freedom for convergence is required,
the same mesh density is then used in all models.
Lastly, in the results section, both the experimental and analytical results are discussed.
1.1
EXPERIMENTAL INVESTIGATIONS
The complex design of circumferential and longitudinal joints in transport aircraft fuselage structure
introduces a complicated stress system. The decomposition of the stresses, inherent to fuselage joints, into
simpler, easier to understand load conditions makes the problem tractable. It is well known that the hoop
stress from cabin pressurization creates tensile membrane stresses in addition to secondary bending
stresses. The eccentric load path through the joint causes the latter. Stress intensity factors for tension,
(secondary) bending, and pin loading for symmetric corner cracks at a straight shank (SS) hole have
previously been developed most notably by Newman and Raju [1] and more recently by Fawaz and
Andersson [2]. Although cracks at straight shank holes are significant in terms of durability and damage
tolerance, corner cracks at countersunk (CSK) holes are more relevant since most joints on aerodynamic
surfaces use CSK rivets.

1.2
FATIGUE SPECIMENS
A series of test specimens were manufactured from six sheets of 2024-T3 clad aluminum alloy. Three
different sheet thicknesses are used for this fatigue test program, namely 1.0, 1.6 and 2.0 mm. To replicate
the sheet orientation used in fuselage lap splice joints, the specimens were tested in the TL orientation.
Thus, the crack growth is perpendicular to the grain (rolling) direction and applied load direction. Table 1
and Table 2 give the complete description of the specimen geometries.
The test specimen configuration was chosen based on successful fatigue tests for cracks emanating from a
single hole [3] and cracks growing towards one another in an array of holes [4]. The hole is centrally
located in the sheet and the hole diameter of the straight shank part of the countersunk hole is 4.80 mm,
see Figure 2. For the combined tension and bending specimens, the countersink is drilled on the side of
the specimen with the lowest stresses, similar to the stress situation in an actual joint where the lowest
stresses occur at the free surface and the highest stresses at the mating (faying) surface.
All specimens had a small notch (<0.5 mm) introduced at the edge of the SS portion to decrease crack
nucleation time. The shape of the edge notches can easily be found when looking at the specimens in the
SEM (Figure 1).

1.3
CRACK MEASUREMENTS
Multiple test specimens of a given geometry and load level were tested to assess the repeatability of the
test protocol. A common indicator of systemic errors in the testing procedure is if σlogN > 0.10. In this
effort, σlogN < 0.035 [5]. A good understanding of the crack growth behavior can be provided by the
careful examination of all in-situ crack growth measurements. At the very least, the fatigue life (Nf, crack
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growth history (a vs. N) and crack growth rate (da/dN) can be quantitatively determined. In addition, by
using the SEM, the crack growth history and flaw shape development can be determined throughout the
life. On average, the electron microscopy took 2 hours per half crack length. In general, cracks in lap
splice joints nucleate at the intersection of the faying surface and SS part of the CSK hole and propagate
as part elliptical cracks until they penetrate the free surface of the sheet. Subsequently, the cracks
propagate as through cracks with a part elliptical (oblique) shape [6].
As early as 1972 [7], the ratio of normal stress caused by bending to normal stress caused by membrane
loading is referred to as the bending factor, k and is defined as:

k=

σ Bending
σ Tension

(1)

Table 2 shows the k’s (= 0.5) used for this test program which is somewhat higher that seen in service
applications but chosen as such to introduce a nontrivial amount of bending stress. From Table 2 it can be
seen that with an applied tensile stress of 100 MPa, the bending stress is 50 MPa. The resulting stress
distribution through the thickness is assumed to be linear with a maximum stress of 150 MPa at the faying
surface and a minimum of 50 MPa at the free surface.
Crack growth measurements were taken in-situ in addition to post-test crack history reconstruction using
the SEM. For the in-situ measurements, a traveling optical microscope (TOM) with 400X magnification
was used. The accuracy of this measurement technique is 0.125 mm. The crack measurements are done at
periodic cyclic intervals; specifically, at the beginning of each pass of the marker load (ML) spectrum a
crack measurement was attempted. In order to make sure the marker band load cycles don’t affect the
global crack growth rate as compared to a constant amplitude (CA) test, crack growth rate data was
generated for both constant amplitude and marker load spectra for a given ASTM E647-00 defined test
specimen [3]. As can bee seen by Figure 3, the ML spectrum does not affect the CA crack growth rate
(da/dN vs. ∆Κeff. The ML data was corrected for crack closure using Elber’s equation [8].
Many have had success using a ML spectrum and the SEM for crack growth reconstruction [3,6,9]. The
fractographic analysis of the crack surface not only shows the crack size in time, but also the flaw shape
(a/c and a/t) development. The flaw shape changes in time and is a function of the specimen geometry
and applied loads; in other words, the flaw shape is a function of the K along the entire crack front. In
addition, at low K values, there is only a slight difference in fatigue striations due to the baseline CA
loads when compared to the marker loads. Conversely, at high K values, the fracture surface in 2024-T3
aluminum is very torturous making the marker bands difficult to detect. Work is underway to determine at
what K values the marker bands are most distinct. Figure 4 is representative results obtained with a SEM
reconstructed fracture surface. By fitting an ellipse through each incremental crack shape as shown in
Figure 4 an idea of the a/c values in time are determined. In Figure 8, a slight dependence of a/c on
specimen thickness is evident. This behavior is discussed in the results section below.
2
FINITE ELEMENT ANALYSIS
The mode I stress intensity factors are calculated using the finite element method and the 3-dimensional
virtual crack closure technique [3]. Developing one finite element model (FEM) for one crack geometry is
too time consuming and “hand” meshing is prone to discretization errors; thus, and automated process
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was developed. The first step is to generate a 2-dimensional FEM of the crack plane. This model needs to
be constructed in such a way that a complete crack trajectory can be found for a single 2D model. In other
words, the model is generated so K’s for multiple crack shapes can be calculated from just one model.
Specifically, each 2D model should contain cracks with an elliptical shape starting in the straight shank
portion of the countersunk hole ending with through the thickness cracks at some distance away from the
hole. For the present investigation, as many as 25 cracks were analyzed per model. After the 2D model
generation is complete, a 3D model is then generated by an automated process using session files. A
session file is a step-by-step record of how the 3D model was created from the baseline 2D model using
MSC/PATRAN®. This process is not software specific; thus any “session” file from a finite element
analysis preprocessor could be used. An element connectivity file and nodal coordinate file is output from
MSC/PATRAN® and used for the final step of 3D model generation. For ease of K calculation,
ABAQUS® was the finite element analysis (FEA) software of choice. The two MSC/PATRAN® output
files are used in the 3D mesh generation program to create the ABAQUS® input file. An example of the
first part of the 3D mesh generation procedure is shown in Figure 5. The tension and bending loads are
applied at the top of the plate, y = h. The bending stress is assumed to be linearly distributed through the
thickness. The pin load is applied to the elements in the bore of the hole using a cos2 applied pressure
distribution. The model consists only of a quarter plate with boundary conditions at x = 0 and y = 0. The
different crack scenarios are analyzed simply by releasing nodes at y = 0 along an elliptical curve thereby
creating the crack wake.
Before using the finite element meshes generated by the above mentioned method, we need to know if the
meshes generated provide high quality K factors. Therefore a convergence study will be required to show
if the K solutions converge. In order to proof convergence several finite element models are needed
having exactly the same geometrical properties. The number of degrees of freedom is the only variable
allowed in this investigation.
In order to compare the calculated K’s, the K’s are normalized in the following manner:

β=

K

(2)

Q
S
π ⋅a

Where: β = the normalized K
S = the remote applied stress
a = crack length
With Q known, K can be normalized:
1.65

a
Q = 1 + 1.464 ⋅  
c

for

1.65

c
Q = 1 + 1.464 ⋅  
a

for

a
≤ 1.0
c

(3)

a
> 1.0
c
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3

RESULTS

3.1
EXPERIMENTAL RESULTS
The test specimens are manufactured in such a manner that a bending factor k = 0.5 was obtained, see
Figure 10. The a and c values were obtained during post-test crack history reconstruction in the SEM. The
resulting a/c values are shown in Figure 8. For this test condition, the majority of all the a/c values are
between 0.5 and 1.5 although a few data points are above a/c = 1.5. In addition, the a/c changes
throughout the test becoming less oblique as the faying surface crack length increases which is consistent
with other full scale [3] and laboratory results. For other bending factors, the crack shape development
will be different. A small influence of the sheet thickness was found in the da/dN vs. ∆Κeff plot in Figure
9, for the three thicknesses, the thicker sheet material shows a slightly faster fatigue crack growth. This
behavior can also be seen in earlier investigations. This difference has been attributed to the different
states in the vicinity of the crack tip [10]. Looking at the fracture surface, a difference can be observed.
After crack nucleation the crack grows perpendicular to the applied load and the sheets surface (plane
strain, tensile mode). At a certain point the fracture surface changes shape, the crack tend to grow at an
angle of 45° to the sheets surface (plane stress, shear mode). It is shown that the point that this change
from tensile mode to shear mode is influenced by the sheet thickness.
3.2
FINITE ELEMENT RESULTS
Figure 7 shows normalized K solutions for several cracks in a single finite element model. In view of the
number of solutions required for adequate crack growth predictions convergence of the base model is
required. At the moment a convergence study is underway to determine the minimum number of degrees
of freedom to ensure numerical convergence of the FE solution. At several locations, our results differ
significantly with the published results even though the number of degrees of freedom in the current effort
exceed that used by reference [Error! Bookmark not defined.].

4
CONCLUSIONS
Although very time consuming, SEM investigation still provides the best fracture surface reconstruction
for the larger part of the fatigue crack. The flaw shape changes throughout the fatigue life; therefore, it
must be dependent on the K value. In addition, for large K values, the fracture surface is very torturous
making it difficult to detect the marker bands. For low K values, the problem of differentiating the marker
bands from the other striations is difficult since both are at similar ∆Keff values.
With success in the fractographic analyses, it is possible to reconstruct a/c values for almost each crack on
the fracture surface. These a/c values were then used to determine the range of a/c values needed for the
K calculations. In comparing the current results with previous works, we can conclude that the a/c value
is directly related to the applied stress.
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Table 1 Geometric Parameters for Tension and Combined Tension and Bending Specimens
No of specimens

3

3

Sheet Thickness t [mm]

3

3

1.0

Ratio b/t

3

3

3

1.60

3

3

2.00

0.05 0.25 0.50 0.05 0.25 0.50 0.05 0.25 0.50

Ratio r/t

2.4

b [mm]

1.50

1.20

0.05 0.25 0.50 0.08 0.40 0.80 0.10 0.50 1.00

Table 2 Joint Parameters for Combined Tension and Bending Specimens
Applied
Stress
[MPa]

Bending Factor k

t [mm]

m [mm]

n [mm]

s [mm]

100

0.5

1.0

54.6

25

30.5

100

0.5

1.6

54.6

25

23.3

100

0.5

2.0

54.6

25

13.1

(Only for T&B)

Figure 1

SEM picture of fracture region
7
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Figure 2

Diameter d = 4.8 mm and countersunk angle θ = 100º. Monolithic Aluminum
2024-T3 Clad, Length(LT) = 300mm * Width = 100mm
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100

10
da/dN
(µµm/cycle)
1

0
1

10
∆Keff (MPa√√m)

100

Figure 3
da/dN vs. ∆keff for constant and marker load spectrum, where grey symbols
are data points from constant amplitude tests and open collored symbols are from marker
load spectrum

Figure 4
Reconstruction of the fracture surface from SEM invetigation. Square
symbols are the In-situ crack growth measurements. The open circles, are points on the 10
markerbands found in the SEM. The lines going through the points are fitted elliptical
curves
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Figure 5

3D Finite element countersunk hole region with visible elliptical cracks

φ

Figure 6

Definition of hole variables
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Figure 7

Normalized K’s for 5 different cracks
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80

90

2.50
a/c values for t = 1.0, r/t = 2.4, from SEM measurements
a/c values for t = 2.0, r/t = 2.4, from SEM measurements
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1.50
a/c
1.00
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0.00
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Figure 8

a/c vs. c of two sheet thickness’
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t = 2.00 mm
1
da/dN
[µ
µm]
t = 1.00 mm

0.1

0.01
1.00

Figure 9

10.00
√m)
∆Keff (MPa√

100.00

da/dN vs. ∆keff both pure tensile and combined loading

11
de Rijck, Fawaz, Stress Intensity Factors Solutions for Countersunk Holes

25.4 mm

m

n

2s

25.4 + m + n
t

17.0 mm
t = 0.1 mm
33.0 mm
100 mm

50 mm

s
25.4 + m + n + s
271 mm
Figure 10

Combined tension and bending specimen. With m, n and s can be varied to change the bending factor k
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